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ABSTRACT

We report on the development of a spectrometer for Muom Spin Rotation based
on multiwire proportional chambers. The coordinates provided by telescopes each
composed of two chambers are used to reconstruct the muon and the positron trajec-
tories in u+ > e 4 vt GU decay. A real-time analysis program verifies that the
two tracks intersect within the target: this constitutes a very stringent test to
veto events which do not correspond to a muon decay. The results of some exper-

iments are given in order to illustrate the field of application of this spectro-

meter.
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INTRODUCTION

Muon Spin Rotation (USR) is nowadays a well-established experimental technique
in solid-state physics and in chemistry. Its domain of investigation has expanded
to almost all of the subjects typically covered by magnetic resonance techniques,
where new information can be acquired using the muon as an interstitial magnetic
probe. Furthermore USR can be exploited in all those cases in which the muon can
be regarded as a light isotope of hydrogen: this aspect has given rise to radical
reaction studies in organic compounds and to diffusion studies in crystals. The
essence of the method, on whose standard techniques a review was recently published
in this journal by Lankford et al. [l], is very simple. A spin polarized beam of
muons is stopped in a sample. Owing to parity violation in the decay U+ e+ Vo * GU’
the direction of the positron moment carries information on the orientation of the
muon spin. Thus the precession of the latter in a magnetic field perpendicular to
the initial polarization canr be monitored by recording the positrom rate in a chosen
direction, as a function of the time which has elapsed from the birth of the corres-
ponding muon. Thus a PSR experiment consists basically of measuring the lifetimes
of the stopped muons. It is because of this intrinsic simplicity that, despite the
still rising interest in SR applications, many aspects of its data—acquisition
technique have remained almost invaried since the beginning. In particular, particle
detection has always been carried out with telescopes of plastic scintillators, whose
spatial resolution is limited to the definition of the solid angle through which
the sample is observed. This method of detection is certainly the most economical
but it entails some intrinsic drawbacks. In this paper we will describe a new
type of spectrometer developed at CERN that combines all the standard characteristics
of conventional apparatuses with a good spatial resolution. This spectrometer was
designed for continuous muon beams, such as the one available at the CERN 6CO MeV
Synchro-cyclotron. The use of pulsed beams, even if compatible in principle with
the detection system, would require major modifications to the logic of the data

acquisition.



DRAWBACKS OF CONVENTIONAL EXPERIMENTS

The time differential method of USR produces histograms where the number of
events detected in a telescope is plotted against the interval between the incoming

of a muon (START time) and its decay (STOP time)}.

The modulation frequency of the uSR signal due to the spin precession ranges
between 10" and 10'° Hz; therefore a relevant parameter for assessing the performance
of a spectrometer is its time resolution. From this point of view scintillation
detection is very good: a conventional system can easily have a 1 ns resolution,
which gives a frequency cut-off at 500 MHz, and higher resolutions can be achieved
with some effort. However, the poor spatial discrimination of scintillator counters
impairs their ability to distinguish between signal and noise, where the latter is
those events that trigger the spectrometer and are not muon decays in the sample.

We shall describe the possible sources of this noise, making reference to its effects

on the time histogram, whose analytic form is:
N{t) = Ny exp (_t/Tp)[l + oP(t) cos (wut + ¢)] + B . (1)

Here Tu is the average lifetime of the muon, o is an asymmetry parameter, P(t) is
the time-dependent muon spin polarization, wu the angular veleccity, ¢ the initial
phase of the precession, and the term B accounts for additional events not corre-
lated with the muons (fig. 1). We can thus divide the noise into three main cate-

gories:

i) Spurious signals

The intrinsic momentum spread of the beam, the beam straggling introduced by
the degrader, and the presence in the sample region of scintillators, cryostat
walls and other parts of the apparatus imply that a significant number of
particles are stopped outside the sample itself. The positrons coming from
these muons contribute to the modulation of the time histogram with unwanted

events that will sum to the term P{t) of expression (1).



1i) Background

Muon beams can. be far from perfect as far as PSR applications are concerned:
they can be heavily contaminated by other particles, mainly pions and positroms.
All these particles can be detected by the telescopes and are therefore a poten~
tial source of noise. There are different ways of avoiding their effects on

the histogram: they can either be physically diverted by means of expensive
devices (e.g. d.¢. separators) or simply discriminated on the basis of their
different momentum loss through the degrader material used to slow down muons.
The last method, though, cannot eliminate all the contamination, mainly because
the fast electronics needed to produce the vetoes can cope only with a limited

pulse rate.

The only criterion for accepting or rejecting an event, once it has triggered
the spectrometer, is that the time which has elapsed between the START pulse
and. the following STOP pulse should be within the range of the collected
histogram. Therefore there will always be a fraction of the accepted events
which do not correspond to muon decays; they will contribute to term B in
expression (1). If they originate from randomly distributed pulses they will
show an exponential decay in time, whose decay parameter (equal to the random
pulse rate) will generally be very long on the muon lifetime scale. If, how—
ever, their origin is correlated with a detected muon they can give to B an
appreciable time dependence. Although, in principle, the background can be
exactly determined by fitting procedures and subsequently subtracted from the
histogram, it enhances the statistical noise. The effect is larger in the last
channels of the histogram, where the exponential decay has reduced the number
of counts per channel to a level comparable to that of a typical background
(a few per cent of Ng)}. Therefore this problem will be particularly severe

when measuring the decay parameter of a slow reiaxation of the muon polarization.
iii) Distortiong
The presence of pions in the beam can give additional noise problems. If these

particles are stopped in the sample they will decay with an average lifetime of

26 ns. The resulting muons will have both randomly oriented spins and an
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indeterminacy in the time of birth of the order of the pion lifetime, Their
USR signal will distort the exponential form of expression (1) and it will

reduce the asymmetry parameter o. The criterion used to minimize this effect
is usually based on counting rate and asymmetry measurements to optimize the
degrader thickness. However, with scintillator spectrometers this method is

indirect and time consuming.

The three types of noise described above can be drastically reduced by intro-
ducing a detection system capable of checking the spatial correlation of an event.
For this purpose we added a pair of wire chambers to the START and STOP telescopes;
the coordinates provided by them allow the determination of the muon and positron
trajectories. The intersection of these tracks, or vertex, is the place where the
muon decayed. The spurious signals mentioned in point (i) can now be eliminated
by the requirement that the vertex of an accepted event must be within the sample
volume. The background described in (ii) will be greatly reduced, because pulses,
which are random in their time distribution, will have an equally random spatial
distribution. Furthermore the ability to represent the three-dimensional density
of vertices in the space provided a quick "photographic" way of optimizing the
degrader thickness, which is a considerable improvement on the standard solution

outlined in (iii).

THE SPECTROMETER

3.1 The wire chambers

One START and two STOP telescopes are provided. A schematic layout of a
telescope of the spectrometer is given in fig. 2a. The reader can compare its main
features with the corresponding scheme for a conventiomal apparatus which is given

in fig. 2b.

Wire-chamber construction follows traditional techniques [2]. Each chamber
consists of two cathode planes of 70 um diameter Be/Cu wires, and ome anode plane
of 10 um diameter gold-plated tungsten wires. Anode and cathode wire spacing is
1 mm and the interplane gap is 3 mm. The gas mixture is composed of 707 argon—freon

(with freon in 1% proportion) and 30% isobutane; 407 of the argon-freon is bubbled
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through a bottle of isopropyl alcohol. The chambers are operated with the anode

planes at +3.0 kV and the cathode planes earthed.

Two-dimensional read-out is obtained by detecting the cluster of positive
pulses on the orthogonal cathode planes and calculating the centre [3]. The
cathode wires are joined in pairs and each pair is connected to an amplifier and
a discriminator., Priority encoders locate the ends (o,B) of the cluster, and a
hard-wired processor checks the width (a—B) of the cluster for validity, and then
calculates the centre [(u-rB)/Z]. This read-out method is simple and fast. The
intrinsic resolution of *1 mm is adequate for this application. The number of
channels may be reduced substantially by coding techniques, and the calculation

eliminated by using look-up tables [4].

An event in a telescope is defined by a coincidence between the scintillators
and the wire chambers. This causes the time-to-digital converter (TDC} to store
a time value in its controller, and wire-chamber coordinates to be recorded in

their respective chamber controllers.

3.2 The time-to-digital converter

In conventional USR spectrometers there is no way to check whether a given
pair of START and STOP pulses belongs to the same muon decay: as we mentioned in
the previous section the only restriction imposed is that the time that has elapsed
between the two pulses should be less than a preset maximum value which is usually
10 us., Under these conditions it is necessary to reject those events in which two
muons are present in the sample at the same time, This is generally done by send—
ing a veto signal to the TDC: once a START pulse is accepted, if a second START
arrives before the STOP pulse, the clock is reset. As a consequence a TDC used in
conventional experiments has to measure only one time interval at a time, When
the wire chamber information is added, it becomes possible to distinguish, among
several incoming muons, which one is correlated with a detected positron. Therefore
the TDC must be able to handle multi-START events. The model that we designed

operates on the following principles:

i) Every pulse is labelled according to the telescope of origin (START = Q, STOP;

STOPz = 2).

1,
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ii) The TDC measures the elapsed time between two consecutive pulses, irrespective
of their origin: each pulse causes the output of a free runmning counter to be

recorded.

iii} An overflow flag is set if the time that has elapsed between two pulses is
longer than 32 us; this flag is automatically cleared by the next pulse,

unless, of course, the overflow condition occurs again.

The recorded number and its complement are fed into a set of adders to provide
the time difference between the present and the previous pulses. About 150 ns
after the arrival of each pulse the code and time information is passed, via the
TDC controller, to three different sets of first-in-first-out buffers (FIFQs),

depending on the origin of the pulse (START, STOP;, STOPz).

The counter is driven by a 125 MHz quartz oscillator and a cable interpolator
is used to obtain a 2 ns time resolution [5, 6]. This finite time resolution
determines a cut—off on the detectable frequencies, but it is not the only factor
contributing to the passband of the spectrometer. Another contribution comes from
the fact that the incoming START and STOP pulses are not synchronized with the
oscillator period: this determines an uncertainty in the measured time interval,
and the corresponding passband curve can be taken into account analytically [7].
The total passband of the apparatus, however, depends also on the time jitter that
affects the pulses from the detectors. From this point of view wire chambers are
not very good compared to fast scintillators and we decided to take the timing
pulses that drive the TDC from one of the phototube detectors coupled to each
telescope, gated by the corresponding set of coincidences, as is shown in fig. 2a.
The phototube pulse is derived from a constant fraction discriminator so that the
total time jitter introduced by the electronics {(discriminator plus following
coincidence unit) is negligible (<< 2 ns). The remaining jitter is due to the
different transit times of light pulses coming from opposite ends of the scintilla-
tor: this can be estimated to be of the order of 0.5 ns —— much smaller than the

other effects.



3.3 Data transfer

A block diagram of the data flow is given in fig. 3. Every event in each
telescope creates a set of four spatial values -~ the two pairs of wire chamber
coordinates in byte form packed into two 16~bit words, plus a 16-bit word con—
taining the time information. These data are presented by the TDC and chamber
controller units to a common bus line. Whenever a set of data is ready, a flag
is set, one for each telescope, which will activate the execution of a microprogram
in the "data flow controller" interface. This microprogram is selectable. Its
standard version with the double positron-telescope spectrometer operates as

follows:

1) If a START flag is set the data words are read into a circular buffer where

the data of the n latest START pulses are present, n being preset by software.

2)  If the STOP flag is set, the microcode compiles a FIFO buffer in the following
order:
i) Four 16-bit words containing the STOP address, the time information, and
the four coordinates.

ii} 3n words containing the time and spatial information for the n latest

START events coming from the circular buffer.

This set of (4 +3n) words is transferred in direct memory access (DMA) mode into a
PDP 11/04, where the final buffer is formed. Once the buffer is full —— it holds
typically 500 sets —- it is sent via CAMAC to a PDP 11/60 for analysis. The 11/04
acts also as a compiler for the microprograms that govern the "data flow controller"

interface.

3.4 The vertex reconstruction

The coordinates supplied by two pairs of wire chambers (START and STOP tele-
scopes) together with the wire-chamber positions are sufficient information to
define two straight lines in space, the et and u? tracks, which should define a
vertex, In a real experiment, however, these tracks do not generally intersect

owing to the finite spatial resolution of the spectrometer. The distance between
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the two reconstructed trajectories can be as large as ten times the basic wire-
chamber resolution (%1 mm), depending on the geometry of the spectrometer and on
the operating conditions. As a consequence, appropriate data analysis must estimate

this distance, prior to providing the coordinates of a vertex.

The geometrical problem of evaluating the distance between two lines in space
is straightforward but time consuming, since it involves the resolution of a 3 X 3
determinant [8]. An approximate but faster algorithm has been implemented, based
on the principle illustrated in fig. 4. Given two straight lines m and n, there
are always two planes p and B containing them, both orthogonal to a chosen third
plane y. Moreover, the intersection of the u and B planes is a line h, of course
itself orthogonal to the same plane Y. Denoting by A the intersectionm point of

1ines m and h and by B the intersection point of the lines n and h, we define a

pseudo distance as the absolute value d [A-—B|. An orthogonal right-handed
reference frame can now be chosen so that the vy plane is defined by the x and y

axes and the z axis is parallel to the line h. The resulting algorithm to evaluate d
and the coordinates of A and B is trivial and involves a few multiplications and
divisions. The geometry of the experiment is such that the u" tracks lie close

to the y direction, while the positron telescopes are centred around the x direction;

as a comsequence the pseudo distance d is a good approximation to the real distance,

of which it is in fact the projection along the z-axis.

In the present configuration of the spectrometer, for geometrical reasons,
the muon telescope allows a more accurate reconstruction of the particle trajectory
than the positron telescopes. For this reason the vertex is chosen to be the inter-

section of the ' track with the direction of the pseudo distance (point A in fig. 4).

3.5 Real-time data analysis

As soon as a buffer, containing the data of 300 events, is transferred to the

PDP 11/60 the computer starts the following analysis:

1) The time information is read and checked against a maximum value of 10 us.
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2) The spatial coordinates of the STOP are next used to derive the et track,

which is checked to see if it intersects the sample volume.

3) The spatial coordinates of the last START are used to derive the ut track

which is checked to see it it intersects the sample volume.

4) The distance d is evaluated and checked against a preset maximum value, and

the coordinates of the vertex are compared with the sample position.

If the event fails either of the tests 1 and 2, it is rejected. If it fails tests
3 or 4 the next to last START can be taken into consideration, if requested. The
total time between the STOP and the new START is then evaluated and tests 1, 3,

and 4 repeated., Tests 2 and 3, which might seem to duplicate test 4, are performed
in advance of test 4 to avoid the time-consuming evaluation of the complete algo—

rithm for patently spuricus tracks.

It has been observed experimentally that about 10% of the accepted events
were correlated with the second START, even though the average number of incoming
muons was only "~ 2 X 10% per second. This was due to the faect that the continuous
beam partly retained the time structure of its original pulsed source. When an
event passes all the tests it is stored in a temporary file in the central memory [9].
One or more data-acquisition routines can be activated at the same time: they have
access to the temporary file according to a preselected priority and produce the
time and spatial histograms. Finally, data may be analysed with programs to perform
a fast Fourier transform, a normal Fourier transform, a least-squares fit and bidi-
mensional and tridimensional plotting of the vertices. These programs work asyn-
chronously with the data taking, which has the highest priority for the central

processing unit (CPU).

RESULTS

A set of experiments was devised to determine the performance of the spectro-
meter. The first goal was to define the overall spatial and temporal resolution;
the second was to test the spectrometer under the various conditions encountered

in real experiments.
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4.1 The spatial resolution and the temporal resolution

The spatial resolution was determined experimentally. The muon beam was
stopped in a graphite sample and the pseudo distances of all the collected events
were evaluated. The distribution of these distances was plotted with a bin size
of 0.5 mm up to a maximum value of 100 mm. A Gaussian function was obtained with
a half width at half height of 4 mm for one STOP telescope and of 5 mm for the
other STOP telescope (one of these curves is plotted in fig. 5). Such a spread
in the distribution of the pseudo distances is in agreement with the estimation
obtained from simple geometrical considerations. Further estimates of both the
track curvature in the low applied magnetic field (300 G) and multiple scattering

effects within the sample lie well below this experimental value.

The time resolution was determined by means of USR experiments on a sample
of fused quartz at room temperature. The amplitude of the muonium transiticns
in applied magnetic fields ranging from 6 to 120 G was compared with the theoretical
values. The results showed that the dominant contribution to the passband curve is

the one from the TDC mentioned in Section 3.2.

4.2 Recent applicatious

The spectrometer has recently been used to study the transition to the anti-

ferromagnetic ordering in some fluoride crystals.

The first material studied was MnF,. Previous experiments [10] in conventional
spectrometers had shown that the free muon Larmor precession around the applied
magnetic field, which is detected in the paramagnetic phase, drops sharply in
amplitude from 117 to 3% in the ordered phase. It has already been pointed out in
Section 2 that some fraction of this signal could be accounted for by muons stopping
in the immediate neighbourhood of the sample, but it is important to verify whether
muons from the MnF, crystal itself contribute to the signal as well. A first uSR
measurement was performed without constraints on the vertices; this showed the same
precession as detected in the earlier experiments. It also provided the spatial
reconstruction of the sample area, obtained by projecting the vertices onto the

midplane, as seen in fig. 6a; this figure clearly shows the sample within the
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cryostat walls. Another measurement was made selecting only the decays from
within the crystal: no Larmor precession was detectable in this case. The two
histograms are shown in fig. 6b. It should be mentioned that a wire-chamber
experiment provides histograms that begin exactly from the birth of the muon,
while in a conventional experiment the anticoincidence veto used to eliminate
spurious events can distort the data for as much as 200 ns. Thus our apparatus

is well suited to the study of signals with very fast damping {(om the scale of the
muon lifetime), which are inaccessible to normal spectrometers. In the case under
study it allowed us to rule out the possibility of a Larmor precession with a fast
relaxation: in MnF; no muons precess around the applied magnetic field below the
Néel temperature and the 3% signal seen in earlier experiments came entirely from

outside the sample.

Another experiment was performed, in which three different targets were mounted
in the cryostat at the same time: a single crystal of CoF., a single crystal of
7eF; and a Cu sample. While the latter provided a reference for amplitude and
frequency calibration, it was possible to scan a wide range of temperatures of
interest for the two fluorides: the wire-chamber spectrometer allowed separate
reconstruction‘of the histograms collected from the different small samples, which

would have stopped only a fraction of the beam if studied one by one.

A byproduct of these measurements was the calibration of the asymmetry para—
meter o | see Eq, (1) for the present configuration. A value of 287 was obtained,
which compares favourably with the 247 measured with scintillator counters only,

in the same beam.

CONCLUSIONS
The results described in the previous section are a definite confirmation that

.. . , + o+ . .
it is feasible to use wire chambers to reconstruct the U -e° vertex in ''real time'.

The read—out system can be improved. It can be considerably simplified by
implementing hardware coding techniques directly on the wire—chamber circuit, as

one of the authors has already showm [4]. It can also be made much fasteyr by
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substituting a microprocessor [11] for the PDP 11/04; this could also perform some

of the preliminary tests on the coordinates that are executed at present by the

PDP 11/60.

Despite these limitatioms, which concern mainly the speed of data acquisition,
the ability of the spectrometer to produce histograms without background is quite
satisfactory. Moreover the possibility of discriminating between a sample and
its surroundings gives a chance of carrying out an entirely new category of ex-
periments that were extremely difficult to perform before. Examples of such ex-
periments can be suggested by the measurements described in the last section, where
several samples were irradiated by the muon beam at the same time. All experiments
in which external conditions, such as temperature, need to be monitored with extreme

precision to compare results of different samples are greatly facilitated.

We mention another type of experiment that has now become possible without a
restrictive choice of the experimental conditions and sample compound as before [12].
That is high pressure experiments, where the pressure cell around the sample can

stop enough muons to mask the signal from the real sample.

It is now evident that this type of spectrometer represents a significant

advance in instrumentation for uSR studies.
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Figure captions

Fig. 1
Fig. 2
Fig. 3
Fig. &4
Fig. 5
Fig. 6

A typical uSR histogram: the amplitude of the modulation frequency
here is v 247 of the total, and the background is indicated by the

dashed line.

a) Layout of ome telescope (START) with wire chambers: DEG = degrader,
S;stA = scintillator counters, GO = collimator, WiW; = wire chambers,
(C)D = (constant fraction) discriminators, CA = charge amplifiers,
CP = c¢oordinate processors, CC = chamber controller, FAN = fan-in

fan-out unit.

b) Schematic layout of a complete conventional spectrometer,

The block diagram of the data-collection system.

The pseudo distance d = |A - B|: m and n are the muon and positron

trajectories respectively.

The distribution N(d) of the pseudo distances for events collected

from a graphite sample in a 300 G applied magnetic field.

a) Tridimensional {(left) and bidimensional (right) plotting of the
vertex distribution projected on the midplane. 1In both plots the

cryostat walls are visible.

b) Muon spin rotation histograms from MnF, at 200 G; the top one is

obtained by relaxing the spatial constraints on the vertices.
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