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ABSTRACT 

A full account is given of the design, construction and operation of an 

experimental apparatus for the measurement of the angular correlation of 

positron-annihilation radiation in two dimensions (2D ACAR). The 2D ACAR 

technique is insensitive to the electronic mean-free-path and can be 

applied to pure metals as well as non-dilute alloys and compounds to 

obtain valuable information on the band structure and Fermi-surface geo

metry. 

The apparatus consists of two 30 x 30 cm* hybrid (high-density) multi-

wire-chamber T detectors at variable distances from 5 to 12 m at opposite 

sides of a variable temperature cryostat which contains a 6.5 T supercon

ducting magnet. The detectors, the coded centre-of-gravity position 

read-out method employed, the associated electronics and computer soft

ware are described in detail. 

Operational characteristics and results are presented. A net detection 

efficiency of 6% and an angular resolution of 0.21x0.31 mrad* (0.029 x 

0.0ty2 a.u.1) are reproducibly obtained. Parameters affecting the perfor

mance of the system are discussed. An improvement of the efficiency to 

over 10JK by relatively simple measures is foreseen. 
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1. INTRODUCTION 

The annihilation of positrons in matter is studied in various fields 

of science by a number of techniques. [1-4] The present work 

describes an experimental set-up to measure the angular correlation 

in two dimensions of the 511 keV photons emitted in the annihilation 

of low-energy positrons. This method is used to study the bulk elec

tronic structure of solids. A positron emitted by a radioactive 

source, e.g. **Na, upon entering a solid rapidly looses its kinetic 

energy of typically a few hundred keV by ionization, collisions with 

the electrons, and at lower energies by positron-phonon scattering. 

The thermalized positron annihilates at a rate 1/t, where T is a life

time characteristic for the local electron density. In pure metals the 

lifetime ranges from 100 ps to 300 ps, one to two orders of magnitude 

larger than the thermalization time. In the presence of defects, 

especially vacancies and voids which may trap a positron, the lifetime 

increases considerably. 

Annihilation takes place under emission of two or three T quanta. The 

2T-process is more likely by a factor 372 in bulk metals without 

defects. The two ï quanta are emitted in opposite directions in the 

centre-of-mass frame of the annihilating particles. In the laboratory 

frame a devietion 9 is observed which is proportional to the trans

versal momentum of the two particles, i.e. the momentum in the plane 

perpendicular to the direction of emission of the T quanta. This 

deviation is of the order of 0.5' (approximately 9 nrad). 

The longitudinal momentum (i.e. the component along the direction of 

emission) results in a Doppler shift of a few keV. At low temperature 

the positron momentum is much smaller than the electron momentum. 

Thus, in first approximation both the angular deviation 8 and the 

Doppler shift are proportional to the electron momentum. At surfaces 

or in voids a positron and an electron may form a hydrogen-like bound 

state with their spins either parallel (triplet or ortho-positronium) 

or antiparallel (singlet or para-positronium). In vacuum para-posi-

tronium and orthopositronium have lifetimes of 123 ps and 140 ns, 

respectively. Conservation of charge parity dictates 21 decay for the 

singlet and 3* decay for the triplet state. Thus, in vacuum the 3T 
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to 2lf ratio equals the triplet to singlet formation ratio of 3 to 1. 

However, in a medium pick-off annihilation with a free electron 

usually dominates and reduces both the ortho-positronium lifetime and 

the 3* to 2T ratio. The restriction on the relative orientation of the 

positron and electron spins for 2Y decay holds also for the annihila

tion of free particles. As positrons emitted in p decay are partially 

polarized it is possible to sample preferentially one of the two elec

tron spin populations in ferromagnetic metals. The positron lifetime, 

the angular correlation and Doppler shift, and the 3* to 2T ratio are 

all used, separately or in combination, to study the properties of 

solids. Here, only the angular correlation of annihilation radiation 

in two dimensions or 2D ACAR will be treated. The next chapter gives 

an overview of measurement techniques and methods of analysis. The 

third and fourth chapter describe the experimental apparatus built in 

Petten. In the last chapter the actual performance of this set-up is com

pared with the design parameters. Factors affecting the performance are 

discussed and suggestions for improvements are given. 
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2. 2D ACAR 

2.1. Relation between experiment and electronic structure 

2ilil1_Princigle 

In two-dimensional angular correlation of (positron) annihilation 

radiation (2D AC(P)AR) experiments the momentum pi of the 

annihilating electron and positron in the plane perpendicular to the 

direction of the emitted T quanta is determined by a measurement of 

the angle between two 511 keV annihilation T quanta. The momentum is 

given by 

Figure 2.1: 2D ACAR system with source and sample at the centre 

and position-sensitive detectors at a distance L. 

The measured angular deviation 8 is proportional to 

the electron-positron momentum in the (p , p ) plane. 
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Pi « «cB , (2.1) 

where m is the electron (or positron) rest mass, c the velocity of 

light and 0 the anount by which the angle between the directions of 

eaission of the T quanta deviates fro» 180*. In practice both 9 and 

the solid angle subtended by the detectors are so snail that pi can 

be assumed to lie in the (p ,p ) plane of the detectors as indicated 
y ^ 

in figure 2.1. 

In principle, it would be possible to resolve also the longitudinal 

(p ) component of the momentum, which leads to a Doppler shift of 

the T energy. However, with present-day detectors the corresponding 

momentum resolution is at least an order of magnitude worse than 

that obtained from the measurement of the angle. Actual 2D ACAR 

experiments accept all T energies around 511 keV. Thus, the 

measured distribution N(p ,p ) corresponds to a line integral in 
y z 

momentum space: 
+• 

N(Py.pz) « R(Py.Pz)_/ *> xP 2 T(p x. P y.P z). (2.2) 

Here R(p ,p ) is the instrumental response function and P 2 T ( P )
 is 

the electron-positron momentum density given by 

P2Y(P)
 = J- V dr e" i p'\(r) *+ <r)|', (2.3) 

k.j k.j 

where we have used atomic units with h = m = 1. The summation 

includes all electron states labeled by wave vector k and band index 

j. Neglecting the small positron momentum we may say that an electron 

at wave vector k contributes to p~T at all points p which differ 

from k by zero or a reciprocal lattice vector K. If the electron wave 
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function fe» . and the positron wave function * are expanded into 
K, J * 

/es w: 

density can be written as 

plane waves with coefficients a and b respectively, the noaentum 
n m 

P2T(S) - ir&i) |BIn Vj(4) bM|' «<*-«.). (2.4) 

where f(k,j) is the occupation function, equal to 1 for occupied and 

0 for empty electron states. If the positron wave function were 

constant (i.e. b - 1 and b = 0 for m f 0) the two-photon momentum 
o m 

density would reduce to the electron momentum density p(p) which is 

observed in Compton scattering experiments. In reality, the positron 

wave function is approximately constant in the interstitial region 

between the atoms but close to zero in atomic regions where the 

repulsive potential of the positive nucleus is only partly screened 

by the electrons in the closed shells. Thus, in positron annihilation 

these core electrons contribute little to the two-photon momentum 

density p?T(p) whereas in Compton scattering a core and a conduction 

electron contribute equally to the momentum density p(p). 

From eq.(2.4) it can be deduced that electron states with s character 

contribute mainly at small momenta. At larger momenta the main 

contributions stem from states with d or f character. If an energy 

band crosses the Fermi level the value of the occupation function 

changes abruptly and a discontinuity may be observed in p~Y(p)> 

Thus, angular correlation measurements yield information both on the 

character of the electron wave functions and on the Fermi surface. 

?i!i?i_§§Y20iL£tï§_£ï£§£_§EEE2ïi3§££2D 

Although the positron thermal momentum is small it is not really 

negligible. It is usually taken into account as a term contributing 

to the resolution function, proportional to /T, where T is the 

temperature. The width of this contribution is approximately equal to 

0.08 mrad at 4.2 K. This is much less than the current lower limit of 
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the geometrical resolution (approximately 0.25 mrad [5]). but at 

higher temperatures the reverse may be true. The additional "positron 

disorder smearing" in alloys is smaller than the thermal smearing 

except for some special cases at very low temperatures [6,7] {i.e. if 

thermalization is assumed to be complete even below 4.2 K). On the 

other hand, the "electron disorder smearing" in alloys can easily be 

as large as the resolution of 2D ACAR experiments, which opens the 

possibility to study in detail the effects of alloying on the elec

tronic structure of concentrated disordered alloys. [8] A complication 

may arise in disordered alloys or ordered compounds of elements with 

a large difference in positron affinity. Calculations indicate, how

ever, that even in extreme cases the positron is not bound to a single 

constituent. [9.10] 

The equations for p_ do not include the many-body correlations 

between the positron and its environment, which lead to an 

enhancement of the annihilation rate and the two-photon momentum 

density. [11,12] It is often described by a factor multiplying p_ 

given by eq. (2.3). The magnitude of the enhancement factor c depends 

on the electron density and on the polarizability of the electron 

states. The enhancement factor is close to unity for core states 

[13-15] and larger for conduction electrons. For a free-electron gas 

it can be described by the Kahana formula [12] 

e(p) = a • b(p/pp)' • c(p/pp)». (2.5) 

Here p„ is the Fermi momentum and a, b and c are functions of the 
r 

electron density parameter r , the radius of a sphere containing one 

electron. Representative values for a, b and c are given in 

table 2.1. 

Equation (2.5) provides a satisfactory description of the enhancement 

in nearly-free-electron metals, but little is known about enhancement 

in metals with a more complicated band structure. In the interpreta

tion of ACAR experiments it is often assumed that enhancement may be 
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Table 2.1: values of the enhancement parameters in eq. (2.5) as a 

function of r . (r = 2, 3 and k correspond approximately 
s s 

to Al, Li and Na). [12] 

r a b c 
s 

2 3.480 0.600 0.387 

3 6.172 1.292 0.967 

4 11.225 2.940 2.617 

neglected as its momentum dependence is small, i.e. the momentum 

distribution is much less affected than the annihilation rate. Alter

natively, a correction is applied as given by eq.(2.5). with the value 

of r calculated from the number of conduction electrons. It is not 
s 

clear, however, whether the same enhancement correction applies within 

the first Brillouin zone (p = k) and in higher or Umklapp zones 

(p = K • K). A number of modifications have been proposed, e.g. the 

substitution of (E/E„) for (p/pp)1 [16,17], different enhancement 

constants for electrons with s, p, or d character [18], and an alter

native scheme for the calculation of r , which takes into account 
s 

d electrons also, but with a reduced weight. [19] A more sophisticated 

approach by Chakraborty [20] follows the work of Arponen and Pajanne 

[21] on the local-density theory for electron-positron systems. 

The advent of 2D ACAR has stimulated the theoretical effort to solve 

the problem of enhancement as can be seen in the proceedings of the 

6th and 7th International Conferences on Positron Annihilation. [22~] 

2.2. Methods of analysis 

In general, 2D ACAR data are not easily translated into Fermi surface 

dimensions or other parameters characterizing the electron states. A 

number of methods have been devised to extract such information from 

the raw data, either directly or by comparison with results from 

model calculations. A brief overview will be given of the different 

methods in use. 
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2iiiii_Mod^l_calcu^atigns 

A direct comparison of experimental and theoretical 2D ACAR 

distributions can be used to confirm or reject a model of the 

electronic structure of the investigated material. Usually this 

requires the calculation of the momentum density at a large number of 

points. This method has been applied mainly to simple metals. [23,24] 

It is hamperec', however, by the problem how to include many-body 

interactions (i.e. the enhancement effect) into the calculations. 

This uncertain factor is less important if one compares not the full 

2D ACAR distributions but concentrates on the structure in the data. 

To that end one of the other methods to analyse measurements is also 

applied to the model calculations and the results are compared. 

^i^g^ Differentiation 

Differentiation is a well-known method to reveal stucture in 

apparently smooth data. It can be used to determine the Fermi surface 

of simple metals. [25] The effects of e.g. finite resolution can be 

easily accounted for by comparison with results for a simple model. 

In other cases a full calculation of the momentum density may be 

necessary. Differentiation of both the experimental and theoretical 

results can still be useful to suppress the slowly varying core 

contribution. [8,17] 

2i2i2_LCW_folding 

The most widely used method is based on LCW folding, originally 

introduced by Lock, Crisp and West [26,27] for the analysis of 

ID ACAR data. Essentially it amounts to the summation of the momentum 

density at all points p which can be obtained from the same point k 

by translation over a reciprocal lattice vector ft. If the positron 

wave function were constant this procedure would yield according to 

eq.{2.4) (and using wave function normalization) 
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I P ? T ( K + S ) = I f<k\j) I |an (Ê)|» 
R j n n'J 

= I f(Êj) = h(Sc). (2.6) 
J' 

where h(k) is the number of occupied states at wave vector k. When 

applied to 2D ACAR data LCW folding would yield a result proportional 

to the number of occupied states along lines in momentum space. 

However, it has been shown that the positron wave function seriously 

distorts this elegant result. [28,29] Again, a calculation of the 

momentum density, or at least some knowledge of the character of the 

wave functions, may be helpful in the analysis. 

A method which has found little application in positron annihilation 

uses the autocorrelation function B(r), the Fourier transform of the 

density in momentum space. [30] In this approach the convolution with 

the experimental resolution is transformed into a multiplication by a 

function of approximately Gaussian shape with a width inversely 

proportional to the width of the resolution in momentum space. The 

interpretation of results is less straightforward for ACAR than for 

Compton scattering data. [31] A comparison with similarly treated 

theoretical ACAR distributions may be useful [32], but it is not yet 

clear what are the advantages over a direct comparison of results in 

momentum space. 

2i2;5i Reconstruction 

Different algorithms have been developed to reconstruct the momentum 

space density in three dimensions from 2D ACAR experimental data. Two 

different approaches have been used. In the first one, measurements 

are performed for a number of sample orientations obtained by a 

rotation around the p axis. Methods akin to those used in medical 

z 

tomography yield the reconstructed momentum density in planes, 

perpendicular to the p, axis, from lines in the 2D dis t r ibut ions . 

[33*35] Usually, reconstruction i s combined with LCW folding to 

f ac i l i t a t e the interpretation of the resu l t s . 
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In principle, a better approach would be to combine 2D distributions 

for random integration directions (although it would be wise to 

choose them more or less evenly distributed over all possible 

angles). A description of such a reconstruction technique has been 

given by Pecora et al. [36] The price to be paid is twofold: a large 

amount of data has to be treated simultaneously and the possibility 

is lost to perform a reconstruction only for a few planes of interest 

from a limited set of data. 

2.3. Important parameters for 2D ACAR systems 

The choice for a par icular detector system is to some extent a 

matter of taste. Both Physical and economical considerations 

influence the decisioi . Factors like counting rate, resolution and 

stability have to be weighed against commercial availability, 

purchase price and cost of operation. Here, only the physical 

parameters will be considered. A thorough discussion can be found in 

the article by West et al. [37] describing the 2D ACAR spectrometer 

at the University of East Anglia. 

The resolution of a 2D ACAR system is of prime importance. In 

appendix A the main contributions to the resolution are analysed. The 

most important factors are the spatial resolution of the detector, 

the width of the positron source and the positron thermal motion. The 

contributions of the first two terms scale with the inverse of the 

detector-to-sample distance. Therefore, distances of 10 m or more are 

used to obtain an angular resolution of 0.3 mrad. (For comparison, 

the belly and neck diameter of the Cu Fermi surface correspond to 

10 mrad and 2 mrad, respectively. In compounds with several atoms per 

unit cell, Fermi surface features are often even smaller). A strong 

magnetic field can be applied to confine the positrons to a small 

sample area and thus reduce the source contribution to the 

resolution. The field should be reversible if the polarization of the 

positrons is to be used for measurements on ferromagnetic materials. 

The contribution of the positron thermal motion is proportionsi to 

/T. Hence, for accurate measurements a low sample temperature is 

required. Because of the small angular aperture of the detectors 
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small fraction of the annihilation radiation can be detected. 

As increasing the detector size may affect the resolution [37]. a 

high counting rate requires a high detection efficiency. Howe ei, not 

only the detector efficiency should be considered, but also the 

instrumental response function Uee eq.(2.2)). A small value at 

momenta ' f interest increases the required measuring time for a given 

accuracy. Finally, the ratio of true to random coincidences determines 

the largest angle at which useful information can be obtained. The 

counting rate N of a single detector is given by 

N = e N + N , (2.7) 
s f n \ •' 

where c is the detector efficiency, N the number of annihilation 

Y quanta impinging on the detector and N the background noise. The 

number N of Y quanta detected in coincidence is equal to 

N = cz X N r (2.8) 

Here X is the probability that an annihilation Y quantum is emitted 

within the opening angle of the second detector if the simultaneously 

emitted Y quantum strikes the first detector. It is a function of the 

opening angle of the detector and of the shape of the angular 

correlation. For a reasonable choice of the detector size X takes 

values between 0.6 and 0.8. [37] (In practice, a smaller value is 

found because of absorption of Y quanta in the sample, cryostat 

windows and the air). The accidental coincidence rate N_ is given by 

N_ = 2T N J = 2x(e N + N ) l , (2.9) 
fc s ^ Y n' 

where 2T is the coincidence time window. From eqs.(2.8) and (2.9) the 

true-to-random ratio is found to be 

N e !X NT 2N 

Nl ' 2x (c Nv + N )» * 2TÏT ( 1 " eN~)# ( 2 ' 1 0 ) 

f c Y n Y Y 
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From the above expression it is clear that a short coincidence time 

and low background noise are desirable. From the approximate 

expression, which holds if the background noise is small, it follows 

that increasing the coincidence rate through a higher efficiency has 

little effect on the true-to-random ratio, whereas an increase of N 

by the use of a shorter detector-to-sample distance or stronger 

source reduces this ratio. 

Apart from these general considerations specific wishes may impose 

further conditions on the design. One example mentioned above is the 

reversibility of the magnetic field for measurements on ferromagnetic 

materials. In that case a positron source with a backing of low-Z 

material is to be preferred. A high-Z backing increases the positron 

yield, but does so at the expense of the polarization of the positron 

beam. For a reconstruction of the momentum density it is useful if the 

orientation of the sample can be changed in situ. Anyhow, the orienta

tion should be known within an accuracy of about 1* (i.e., comparable 

to the uncertainty introduced by the opening angle of the detectors). 

If reconstruction is required only for a few planes in momentum space, 

a number of high-efficiency position-sensitive line detectors or even 

point detectors may be more effective than planar detectors. For a 

direct application of LCW folding to 2D ACAR data, the components of 

reciprocal lattice vectors perpendicular to the integration direction 

should be commensurate with the sampling interval of data points to 

avoid interpolation. This means either a continously variable 

detector-to-sample distance or a continous position read-out (i.e., 

not an array of point detectors or any detector response function 

which changes periodically with position). We shall now review 

different detector systems in use and try to evaluate their merits. 
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2A. Comparison of 2D AGAR systems 

The measurement of 2D ACAR distributions can be performed with 

difrerent detector types, the development of which has benefitted 

from interest in the medical field. Here we shall focus on the main 

three lines that have been followed: tl.3 multi-detector, the Anger 

camera and the high-density multiwire chamber. The "multi-collimator" 

approach of Pecora and Ehrlich [38] has not been followed by other 

groups. Kurz et al. [39] have experimented with position- and energy-

sensitive detectors made of germanium. McKee and Stewart [40] have 

tested multichannel plates for application in position-sensitive 

detectors. The last two techniques offer a superior position resol

ution, albeit for relatively small areas. Little interest, however, 

is to be expected from the medical field where the overall position 

resolution is dominated by Compton scattering inside the patient and 

efficiency is of prime importance. The properties of the main three 

detector systems in use are given in the following subsections. At the 

end of this chapter the most important parameters are summarized in a 

table. 

iiJKl^JJulti^detectgr 

The multi-detector system at Brandeis [4l] was the first one to yield 

useful 2D ACAR data. Originally, each detector consisted of 11 

Nal(TC) crystals mounted on photomultiplier tubes and placed on a 

line, later this number was increased to 32 in a rectangular array. 

[33] In Japan a similar system has been built which uses bismuth ger-

manate ("BGO") as a detector material. [42] Lead collimators in front of 

each crystal determine the position resolution. With fixed detectors the 

angular correlation is measured at points separated by a few mrad. Thus, 

the detectors have to be moved to obtain a complete distribution. For 

this reason in a comparison with other systems the single-detector effi

ciency (* 80JS) has to be reduced by the ratio of the total detector area 

to the effective area defined by the collimators to yield the total de

tector efficiency. For the densely packed system of Tanigawa et al. [42] 

at 0.5 nirad resolution this ratio would be equal to 16. If, however, data 
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for planes 2 mrad apart suffice, a factor of 4 is sore realistic. The 

coincidence tiae of a multidetector systea is typically 50 to 100 ns. 

An Anger camera consists of a thin slab of scintillator (Nal(Tfi)) 

on one side of which a large number of photooultiplier tubes has been 

mounted. The coordinates of a detected Y quantum are derived from the 

light; intensity registered by the different photomultipliers. 

Position resolution and efficiency pose conflicting demands on the 

plate thickness. West et al. [37] report a position resolution of 

5 nun full width at half maximum (FWHM) and a net efficiency of 17% 

for a 1/2" thick plate at 5 H keV. Recently, Smedskjaer et al. [43] 

stated a position resolution of 3 BUB, but the efficiency was not 

given. Because of the wide-spread use in medicine the technology of 

this type of detector is well developed. Detector sizes upto 50 cm 

diameter can be obtained commercially. The first 2D ACAR system based 

on Anger cameras was installed at the university of East Anglia. [37] 

For optimal resolution the effective area had to be reduced. Still, 

the remaining area is large enough to allow a detector-to-sample 

distance well above 10 m. The response function in momentum space has 

a conical shape if both detectors are at the same distance from the 

sample. Small local distortions of the position read-out or local 

variations in efficiency have little effect on the response function 

except for very large momenta. The coincidence time is comparable to 

that of 3 multi-detector system. 

?ii! 13 i _?ï£!ïlï?ens ï £ï_üyï £iïi£§_?l!55^f £ 

Large-area multiwire proportional chambers are used in high-energy 

physics to detect charged particles with a precision better than 

1 mo. [44] The detection efficiency for T quanta is less than 1%, 

even if pressurized xenon is used as filling gas, Jeavons et al. [45] 

have developed T converters based on lead-insulator sandwiches to 

increase the efficiency for 511 keV quanta to 10JS or more. Originally 

the sandwiches were provided with square holes, etched into the 
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separate foils. This approach was also followed by McKee. [46] Later 

on, however, round holes were drilled into pre-assembled sandwiches, 

e.g. for the first 2D ACAR system using high-density multiwire 

chambers (HDMC's). [47] The position resolution can be slightly 

better than 2 mm. The coincidence time depends on the thickness of 

the converters and the filling gas. When isobutane is used, the 

coincidence time is typically 400 ns. With a gas filling of neon and 

carbon dioxide nearly an order of magnitude improvement can be 

obtained. [48] As an alternative to the lead-insulator sandwiches, 

converters made of glass tubes with a high content of PbO can be 

used. [49] 

2J\J\L _Summary 

The three detector types treated above each have their own advantages 

for specific applications. In this section realistic values are given 

for directly comparable properties, i.e. the resolution, the 

efficiency and the signal-to-noise (or true-to-random) ratio. We have 

chosen not to compare detectors of equal size at a given distance 

from the sample, but instead to fix the opening angle. Thus, care is 

taken of the fact that compared to other detectors Anger cameras are 

large and are used at larger distances. Counting rates for each system 

have been calculated for a 2INa source which emits 5 x 10* positrons 

per second. This corresponds to a source strength of approximately 

50 mCi (1.85 GBq). The results have been corrected for absorption of 

15% of the positrons in a vacuum foil between source and sample (see 

section 3«l)t for T absorption in the sample and cryostat windows 

(20%) and in the air between cryostat and detectors (about 1% per 

meter). Detector data have been taken from descriptions of existing 

systems. [5.37.42] However, the dimensions of the multiwire chambers 

have been increased to the size presently used at the university of 

Geneva [50] and the number of crystals in the multidetector has been 

quadrupled to obtain the same opening angle. Detector specifications 

and estimated counting rates are collected in table 2.2. 

The data collected in table 2,2 show that even a very large multi-

detector system cannot compete with the other two systems if full 

2D ACAR distributions are required. The choice between the two 
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remaining systems is less clear. The Anger camera yields a higher 

counting rate, but very large distances are required to obtain the 

angular resolution of mvltiwire chambers. The true-to-random ratio 

of the latter may be improved considerably by the use of a neon-based 

gas mixture. At ECN the available space for a 2D ACAR set-up limits 

the maximum detector-to-sample distance to 12 m. The importance 

attached to a high angular resolution, especially for measurements on 

compounds with large unit cells or alloys, has prompted us to choose 

high-density multiwire chambers for detectors. The detector-to-sample 

distance can be reduced to increase the counting rate at the expense 

of the resolution. The next chapter gives a description of the 

2D ACAR set-up which has been built. 

Table 2.2: Comparison of 2D ACAR detector systems. 

detector Multi-detector 
type (256 BGO crystals) 

Anger camera High-density 
multiwire chamber 

size 10x10x20 mm*(x256) 

effective area 256x256 mm* 

coverage factor 1/16 

0 508 mm x 13 mm 300x300x60 mm* 

0 374 mm 300x300 mm* 

1 1 

detector 
efficiency 

detector-to-
sample distance 

resolution 

coincidence 
time 2T 

counting rate: 
singles 

true 
coincidences 

background 
coincidences 

true-to-random 
ratio 

single det. 1 
(det. average 

10 m 

, 4 mm 
l0.4 mrad 

100 ns 

1590 s"1 

40 s-1 

0.24 s"1 

165 

3.80 
0.05) 

0.17 

14 m 

5 mm 
O.36 mrad 

200 ns 

4930 s"1 

400 s"1 

3.8 s"1 

105 

0.12 

12 m 

1.7 mm 
0.14 mrad 

400 ns 

3550 s"1 

210 s"1 

4.2 s"1 

50 
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APPENDIX A: Experimental resolution 

The resolution of a 2D ACAR system is a function of many parameters 

which can be classified into four groups: detector, source, sample 

and positron contributions. The detector and source contributions 

determine the geometrical resolution and will be treated 

simultaneously. The sample and positron contributions are de^lt with 

separately. 

As the analyses for the y and z directions are identical we shall 

consider only the y component of the resolution. If a positron 

annihilates at position (x,,y,) and the emitted T quanta are detected 

at positions (xt,yx ) and (xt ,y2) (see figure A.l) the electron-

positron momentum is given by 

P = a-^&- • a-̂ fc- . (A.i) 
y x^ • Xj Xj ™ XQ 

Clearly, the momentum resolution is determined by the uncertainty 

with which the origin and the points of detection of the photons are 

known, both in the x and y cooordinate. The relative importance of 

each term can be found by differentiation: 

6xB (x, - Xl)« (x, - x,)« - Kli-d) 
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(A.3) 

(A.4) 

(A.5) 

with results for x2 and y, similar to those for xx and yx . For 

detectors of diameter t at a distance L from the sample the magnitude 

of the first two terms scale with £/L*. The last two terms yield 2/L 

and 1/L, respectively, and hence dominate at large distances. Each 

term has to be multiplied by the uncertainty in the corresponding 

coordinate to obtain its contribution to the geometrical resolution. 

In table A.l some results are given for a narrow positron line source 

and for detectors of the Anger or wire chamber type. 

In the z direction the position resolution of the detectors is the 

dominant term. In the y direction the source width should be as small 

as possible. The effective width depends on the sample and source 

geometry used. If a magnetic field B is used to guide the positrons 

from the source to the sample the effective width is approximately 

equal to the width of the active area of the positron source. 

However, the total width of the sample area illuminated by the 

positrons will be broader by 2r , where r is the maximum radius of 
m m 

a positron trajectory in the magnetic field. For a '*Na source the 
value of r corresponding to the maximum positron kinetic energy 

m 

of 0.54 MeV is equal to 3/B mm if B is expressed in Tesla. Both the 

effective and the total width affect the resolution. Thus, it is 

advisable to use a narrow line source in a strong magnetic field. 
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Table A.l: Magnitude of different contributions to the geometrical 

resolution. The contribution of parameter c. is given in 

the form | (Óp / Ó C . ) | A C , where the partial 

derivatives are given by eqs.(A.2-A.5) and Ac. is the 

uncertainty in c.. The results are given for a detector 

diameter £ equal to 0.3 m and a detector-to-sample 

distance L of 10 m. 

Anger camera High-density MWPC 

Aci 
[mm] 

contribution 

[mrad] 

Ac. 
1 

[mm] 

contribution 

[mrad] 

x0 

Xi , X2 

y« (# ) 

y i , y i (*) 

(*•) 

Zl . Zt ( # # ) 

5. 

13. 

1.5 

5. 

0.2 

5. 

0.0075 

0.01 

0.3 

0.5 

0.04 

0.5 

5-

60. 

1.5 

1.7 

0.2 

1.7 

0.0075 

0.045 

0.3 

0.17 

0.04 

0.17 

(*) Contributes only to the p resolution. 
y 

(**) Contributes only to the p resolution. 
z 
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The thickness of the detectors has a negligible effect» except for 

wire chambers of a large opening angle. Prom eq.(A.3) it can be seen 

that this contribution depends on the position at the detector and 

thus, in a more complicated way, on the momentum. The values given in 

table A.l are for zero momentum. A convolution of the different 

contributions yields the total geometrical resolution. Clearly, the 

resolution in the y direction will be worse than in the z direction 

because of the source contribution. 

§§?Eïë_92ütribution 

Strictly speaking the sample contributes tc the geometrical 

resolution as it determines the penetration depth of the positrons. 

If the sample is tilted by a few degrees to obtain a more homogeneous 

T absorption the effective height of the T source is increased and 

the sample contributes more to the geometrical resolution. However, 

the sample affects the resolution also in a different way. For all 

except the largest angles (i.e. largest momenta) many combinations 

of coordinates of T quanta detected in coincidence correspond to the 

same angular deviation from 180*. Thus, the longitudinal component of 

the momentum may not coincide with the x axis but lie along some line 

within the opening angle of the detectors. A similar effect would be 

obtained with point detectors from a sample consisting of many 

crystallites with slightly different orientations. This "aberration" 

introduces a smearing which increases with the absolute value of the 

longitudinal momentum. West et al. [37] have analysed this effect for 

a Gaussian model of the momentum density distribution. If 8, ,s is 

the full width at half maximum (FWHM) of this distribution, óö the 

angular resolution and Q the opening angle of a detector, "no more 

than a modest additional degradation of the momentum resolution" is 

ensured by the criterion 

Q < (<56 / 9, . , ) * . (A.6) 
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For the wire chambers considered in table Al this criterion is 

fulfilled if 9,.$ is smaller than 8.5 Brad. For transition metals 

the width of the angular correlation is between 10 and 15 arad. 

Hence, the degradation of the momentum resolution say be noticeable. 

?9§i£r2D_£20££ï9i?tion 

Even if a positron is completely thermalized, its momentum may 

introduce an appreciable shearing of the momentum density 

distribution. The positron aoaentua distribution is described by the 

Maxwell-Boltzmann distribution: 

,._ -(k' • k' • kM/(2m»kI1T) 

^ • V V - I S ^ S B ? ) 3 7 2 * * Y z • ,A-7> 

This is a Gaussian distribution in each coordinate with a FWHN 2k, ,s 

given by 

2k,., * 2 (2m*kBT In 2 )
1 / 2 . (A.8) 

In the above equations k is the Boltzmann constant and m* is the 

effective positron mass. For different materials the effective 

positron mass equals approximately 1.2 to 2.3 times the positron rest 

mass. [51-53] At k.2 K eq.(A.8) yields 0.07 to 0.09 mrad. At room 

temperature the result is 0.6 to 0.8 mrad, larger than any term 

considered in table A.l. Thus, high-resolution measurements are 

preferably performed at low temperatures. 
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3. EXPERIMENTAL 2D ACAR FACILITY 

The 2D ACAR set-up at ECN consists of two high-density multiwire 

chamber (HDMC) detectors placed at considerable distance on either 

side of a sample, which is mounted in a variable-temperature 

cryostat. A '*Na positron source is situated approximately 20 mm 

from the sample. A strong magnetic field guides the positrons to the 

sample. Collimators shield the detectors from direct radiation from 

the positron source. Each detector is mounted on a pair of rails 

which allow accurate positioning at distances between 5 and 12 m. 

After amplification the detector signals are transported to the 

central electronics equipment, which is connected to a VAX 11/750 

computer for data processing. The different parts of the system are 

described in separate sections of this chapter. 

3.1. Sample and source assembly 

The sample and positron source are situated at the centre of the 

set-up in the vertical bore of a 6.5 T split-coil superconducting 

magnet. The field direction of this magnet can be reversed semi-

automaticully for measurements on ferromagnetic samples. The sample 

is fixed at the end of a variable-temperature insert which can be 

lowered into a liquid-helium cryostat through a vacuum lock. The 

source, which is kept at room temperature, enters through a recess of 

the cryostat and is separated from the sample by a 5-5 pm titanium 

foil. Two pairs of quartz windows of 1 and 2 mm thickness, respect

ively, allow visual inspection and accurate alignment of the sample. 

Direct radiation from the source is shielded by 120 mm of lead. 

Annihilation radiation from the sample leaves the cryostat in two 

narrow cones defined by collimators. One pair of collimators made of 

depleted uranium is incorporated in the cryostat. A second pair forms 

a part of the external lead shielding. The collimators are provided 

with cross-hairs for easy alignment of the sample. Figure 3-1 shows 

a cross-section of the cryostat. 
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Figure 3.1: Liquid-helium cryostat with ,JNa positron source. 

1. adjustment ring for height positioning of the sample 

liquid-nitrogen reservoir 2, 

3-

5. 

cooling fins 

sample heater coil 

quartz windows 

6. sample 

7. **Na source 

8. titanium window 

9. uranium collimator 

10. lead collimator 

11. superconducting magnet 

12. liquid-helium reservoir 

13. vacuum valve 

14. top assembly 
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3ilil_Samgle_teBperature_control_and_aligpMient 

The insert to which the sample is attached serves two purposes: it 

provides sample cooling through a clamp contact to the liquid-helium 

reservoir and it allows the sample to be rotated and adjusted in 

height to obtain the desired orientation. This leads to a conflict 

of interests: cooling to low temperatures requires a strong contact, 

accurate positioning a contact which slides easily. In the present 

design the lowest sample temperature which can be reached is 8 K. 

With an improved design we expect to be able to reach a temperature 

close to 4.2 K. The sample is mounted on top of a copper block which 

contains a heater coil and two silicon diodes (Lake Shore Cryotronics 

DT500-DRC-E) and one SrTiO, capacitor (Lake Shore Cryotronics 

SC400-GR) as temperature sensors. The diodes are used to calibrate 

the capacitive sensor (to a few tenths of a degree) in a zero 

magnetic field. The capacitive sensor is insensitive to the magnetic 

field and is therefore used to measure the temperature when the field 

is on. The read-out electronics of either the diodes or the capac

itive sensor can drive the current for the sample heater. Without 

additional heating the liquid-helium consumption of the cryostat 

amounts to 0.2 1 per hour. With the present insert excessive helium 

consumption limits the maximum sample temperature to about 50 K. 

Figure 3«2: Sample holder with reference grooves (1) and approximate 

integration direction (2). 
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The sample is fixed with epoxy resin to a sample holder shown in 

figure 3.2. The sample orientation with respect to a pair of refer

ence grooves in the sample holder is determined by X-ray Laue back-

reflection. When the sample holder is mounted on the insert these 

grooves are aligned visually (through the quartz windows) with the 

long axis of the set-up. The angle of rotation of the insert can be 

read from scales at the top of the cryostat and insert. Although the 

torsion in the insert ( a i m stainless steel tube, 24 mm diameter and 

0.25 mm wall thickness) is not negligible, it has been found that 

this procedure is reproducible to 0.5*. The required integration 

direction is obtained by rotation of the insert from this reference 

mark. The final orientation is estimated to be accurate within 1*. 

which is comparable to the smearing of the integration direction by 

the opening angle of the detectors. 

3ili2_Positron_sgurce 

In order to minimize the source contribution to the experimental 

resolution a narrow '*Na line source (1 mm wide and 5 •"• long) is 

used. The strong magnetic field confines the positrons to a slightly 

larger beam area, independent of the distance to the source. At de

livery the total activity amounted to 64 mCi (2.37 GBq). The positron 

yield in a 2n solid angle was only 4.38 x 10* per second, i.e. 4lJK of 

the theoretical maximum (if back-scattering is neglected). A scan of 

the T activity (shown in figure 3*3) revealed an uneven distribution 

of the source material, but confirmed that the source dimensions are 

close to the specifications. The source has been aligned along the 

long axis of the set-up by maximizing the number of coincident 

T quanta from a 1 mm wide sample during rotation of the source around 

the vertical axis. 

The relatively large distance between source and sample eases the 

shielding of the direct radiation from the source. An important 

additional advantage is the possibility to keep the source outside 

the cryostat at room temperature at a slight underpressure with 

respect to the ambient atmosphere. The air pumped away from the 
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source region is constantly monitored for radioactivity which might 

indicate a failure of the source sealing. Keeping the source at room 

temperature and (almost) normal pressure reduces the operational 

risks. Moreover, it allows easy withdrawal of the source into a lead 

container when the sample is changed, thus minimizing personal 

exposure to radiation. The source container can be dismounted for 

transport of the source to the "LSO" facility, where equipment is 

available for the handling of strongly radioactive objects. A disad

vantage of the separation of source and sample is a 10% positron 

loss in the 5*5 u"> titanium foil. A second disadvantage is the 

increased heat load on the sample from room temperature radiation, 

which is only partly shielded by a diaphragm at liquid-nitrogen 

temperature. Yet, safety considerations have led us to prefer the 

design with an external source. 

> • 

> 
I— 
O 
< 

mm 

Figure 3-3: Scai jf the T activity of the 2iNa line source in 

directions parallel (a) and perpendicular (b) to the 

long axis. 
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3.2. Detectors 

High-density or hybrid multiwire chambers (HDMC) combine the stopping 

power of a high-Z material with the position accuracy of wire cham

bers. Thus» they are ideally suited for high-accuracy measurements 

of the angular correlation of annihilation T quanta. The working 

principle is illustrated in figure 3«**-

A T quantum interacts with the high-Z converter and releases a pri

mary electron (1) by photoelectric absorption or Compton scattering. 

The high-energy primary electron may escape into one of the converter 

holes and ionize the detector gas (2), thus creating low-energy 

secondary electrons. An electric drift field in the converter holes 

guides the secondary electrons towards the actual wire chamber. 

There, the strong electric field at the anode wires accelerates the 

electrons. Repeated collisions of accelerated electrons with gas 

atoms lead to an electron avalanche (3) which can be easily detected. 

Gas ions moving away from the anode induce positive signals at nearby 

cathode wires (k and 5) which are used to determine the position of 

the avalanche. Timing signals for the coincidence circuit are 

obtained from the negative anode pulses. 

A detector consists of two wire chambers in tandem, each sandwiched 

between two T converters (see figure 3«5)« All anode wires of an 

anode plane are connected in parallel. For the cathode planes a coded 

read-out scheme is used [48], i.e. wires are connected in groups, 

with corresponding groups in the two wire chambers in parallel. 

Details of the different parts of a detector are given in the fol

lowing subsections. 
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ANODE WIRE PLANE 

CONVERTOR CONVERTOR 
CATHODE WIRE PLANE 

Figure 3-**; Principle of the high-density multiwire chamber. 
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\ 1 

Figure 3-5: Exploded view of a tandem high-density aultiwire chamber 

with supporting frames (1), Y converters (2), cathode (3) 

and anode (4) planes and spacer frame (5)• The set of 

planes indicated by (I) make up the first multiwire 

chamber. The second chamber is identical to the first 

one. It is indicated schematically by (II). 
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3i2ili_T_converters 

The T converters have been made following the design developed by 

Jeavons et al. [47,48] They consist of sandwiches of lead and 

insulating foils. Holes of 0.8 mm diameter have been drilled over 

an area of 300 x 300 mm2 in a hexagonal pattern with a pitch of 1 mm. 

Successive lead foils are connected to an increasing high voltage to 

create an electric field of approximately 1 kV/mm. 

Each converter consists of two sandwiches containing twelve lead 

foils (95-8% Pb, 2.2% Sb and 2% Sn) and twelve insulating foils 

(Vetresit) of 0.1 mm thickness nominally, glued together with epoxy 

resin (Araldite AY103 with HY951 hardener). The actual thickness of 

the lead foils ranged from 0.10 to 0.12 mm and the total thickness of 

sandwiches from 2.8 to 3-3 mm. All 24 foils have been ground with 

grain 800 sandpaper. This markedly improves the bonding strength. 

Moreover, the lead foils become more easy to handle as a result of 

cold working. The epoxy resin is cured in two steps. In the first 

stage at room temperature a pressure of approximately 0.5 kg/cm2 is 

applied to remove excess glue. After 24 hours the sandwich can be 

taken from the mold for final curing at 40 *C. 

Holes have been drilled by a specialized firm (Tricon Engineering) on 

an Exalon machine wiv.h four spindles. Tools were changed after six 

rows of 300 holes to a total of 58 drills per sandwich. Although out 

of 20 sandwiches only a few had a short-circuit between two success

ive lead foils, all sandwiches have been etched mildly in propionic 

acid to remove lead dust. This procedure was checked by visual 

inspection at moderate magnification (x50) and by a measurement of 

the electrical resistance in dry argon gas at 300 V tension between 

foils. In one case it proved to be impossible to remove the short-

circuit, even after repeated etching. 

Pairs of sandwiches drilled in one batch were positioned with 

precision dowels and glued together at the edges to form converters 

of 6 mm thickness. Each converter is mounted in a supporting frame, 

slightly off-centre in order not to line up the holes in the four 

converters of one detector. Thus, the total stopping power varies as 

little as possible over the detector area. 
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An electric field is created in the converter holes by application of 

a stepwise increasing high voltage to successive lead foils. To this 

end the foils are connected to a chain of 10 MQ resistors. Larger 

resistance values for the exit foils produce an electric field which 

increases towards the wire chamber. All four converters are connected 

to a common high-voltage supply, with correction resistors to compen

sate for differences in thickness. The electric field between the 

exit foil and the cathode plane is about seven times weaker than the 

field inside the converter holes. A schematic diegram of the voltage-

division network is given in figure "$.6. 

Pi Fa F a F* 

18 18 15 12 

G-j Gj O3 G4 

F 23 F24 

G23 G24 

H23 H 2 4 

HV 
(~- 7kV) 

Figure 3*6: Voltage-division chain for four T converters of different 

thicknesses with a converging electric field inside the 

converter holes. All unspecified resistance values are 

10 MQ. CI to C4 are connections to the cathode planes 

(at ground potential), El to H24 are connections to the 

2k lead foils of the converters E, F, G and H. 
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3i2i2i_Anode_and_cathode_glanes 

The anode and cathode planes have been constructed at the National 

Institute for Nuclear Physics and High-Energy Physics, Section K, 

(NIKHEF-K) in Amsterdam. The construction material is Stesalit. 

plated on one side with 30 ym of copper. Perspex strips, glued onto 

the Stesalit frames, have been accurately machined and provided with 

V-shaped grooves to define the distance between wire planes and the 

position of the wires to a precision of 10 to 20 urn (see figure 3-7)-

The wires have been fixed with epoxy resin and soldered to copper 

tracks made by etching of the copper plating. 

Figure 3-7Ï System used to define the position for anode (centre) 

and cathode wires (top and bottom). Accurately machined 

perspex strips with grooves determine both the height 

and lateral position of the wires. 
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For the anode planes 20 um gold-plated tungsten wires have been 

used, stretched at a tension of 0.3 N, at 2 mm separation between 

neighbouring wires. A plane contains 157 wires for an active width of 

300 mm. The outer three wires at the edges are of a larger diameter 

(50, 50 and 100 um, respectively) to prevent sparking. The wires are 

connected to a common high voltage by a 10 MQ resistor in parallel 

with a 22 pF capacitor. The combined signals of all wires in one an

ode plane are fed into a single amplifier through a kj pF capacitor. 

A schematic diagram of the high-voltage and signal connections is 

shown in figure 3.8. 

The cathode planes consist of 100 um CuBe wires fixed under a tension 

of 1 N at a pitch of 1 mm. Wires in the two cathode planes of a cham

ber are mutually orthogonal, either parallel or perpendicular to the 

anode wires. The positive pulses induced on the cathode wires yield 

the coordinate of a detected T quantum perpendicular to the wires. 

HV 

> 

-T-i7pF 

signal 
output 

mF ~\ 

anode 
wires 

Figure 3.8: Principle of the high-voltage and signal connections of 

an anode plane. Unless specified otherwise, resistor and 

capacitor values are 10 MQ and 22 pF, respectively. 
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The timing signals from the two anode planes of a detector are kept 

separate to be able to determine which wire chamber registered an 

event. Cathode signals on corresponding wires in equivalent planes 

are added, however. For this reason the position read-out can be 

treated as if a coordinate is obtained from a single cathode plane. 

In order to obtain a high-quality position read-out while keeping 

the electronics required to a minimum a coded read-out scheme is used 

[48] in which a cathode plane is divided into 16 strips or groups of 

20 mm width. The effective width of the first and last group is 

10 mm. A simplified diagram is shown in figure 3.9. 

The cathode wires are divided alternately into position and group 

wires. The combined signals from ten neighbouring group wires are 

amplified and fed into a level discriminator which yields a logical 1 

if an event takes place within that particular group. Thus, a coarse 

coordinate is obtained. Only events in which exactly one group or two 

neighbouring groups are triggered are accepted as valid events. 

Hard-wired logic circuitry can be used to reject invalid patterns 

immediately. 

ADC'S 
*' • • " 

GROUP NR(S) 

Figure 3.9: Principle of a coded read-out scheme with 16 cathode 
wires connected to 4 position (ADC) and 4 group channels. 
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The signals from position wires at equivalent positions within the 

16 groups are also combined. After amplification in two steps these 

signals are digitized by Analog-to-Digital Converters (ADC's, LeCroy 

2249A). The centre of gravity of the ADC data yields the position 

within a group with an inherent accuracy of a few hundred urn. This 

resolution can be realized only if the effect of the converter 

structure is neglected. Even so. this resolution is difficult to 

obtain in the coordinate direction perpendicular to the anode wires 

where all events apparently cluster at anode wire positions. However, 

results obtained at the University of Geneva show that it is possible 

to overcome this problem. [5] 

The centre of gravity can be determined from the three or five most 

significant ADC channels. Alternatively, the pulse height distribu

tion may be assumed to be of a particular shape, e.g. parabolic, 

Gaussian or Lorentzian. The position may then be obtained from a fit 

of the assumed distribution to the ADC data. Even if differences in 

amplification, noise level, ADC zero-offset and sensitivity are 

neglected, any method using a limited number of ADC channels shows 

nonlinear effects. [55] For this reason we have chosen to determine 

the position in two steps. First a simple centre-of-gravity algorithm 

for three channels yields a rough position. In the second step a 

small correction is applied which locally distorts the scale to 

obtain an almost constant number of events per 0,25 mm (i.e. the bin 

size used to calculate the difference in position of two coincident 

T quanta). This correction is determined from uncorrected data for a 

large number of events. It is averaged over all groups (except those 

at the edges) of one coordinate in order to reduce effects from local 

efficiency variations. 

The counting gas is a mixture of neon and carbon dioxide in an 80:20 

ratio with addition of approximately 1% isopropanol. Pre-mixed gas is 

used with less than 10 ppm impurities. Initially, there have been 

substantial problems with the purity of the detector gas. The main 
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problem proved to be the leakage of atmospheric gas into the 

detectors, even though O-rings had been applied between all separate 

frames. The problem has been solved by placing the detectors in a 

gas-tight containment. However, gas diffusion through the walls of the 

polythene tubing also had to be reduced. Therefore, we now use tubing 

with an inner layer of aluminium which can be easily bent to a radius 

of 15 cm. Stable operation of the detectors is achieved when the gas 

is flushed at a rate of 2.5 1 per hour through both detectors in 

series. 

Figure 3.10: Diagram of the electronics. 
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3.3. Electronics 

The electronics consist of signal amplifiers, mounted close to the 

detectors, and analog and logical processing modules near the centre 

of the 2D set-up. A simplified diagram is shown in figure 3'10* The 

constant-fraction discriminators (ESN CF^OOO), the ADC units (Lecroy 

2249A) and a fourfold scaler (NE9052) are commercially available. 

Amplifiers and decision logic have been designed and made by the 

Electronics Group at ECN. These parts are discussed in the following 

subsections. 

The anode and cathode signals are fed into charge-sensitive 

amplifiers, the principle of which is shown in figure 3.H» A FET 

input stage Tl is followed by a common-base transistor T2 to obtain 

a low input impedance and a high gain. The circuit is completed by 

a FET source follower T3 and a high-speed switching transistor T4. 

The feed-back capacitor consists of small copper areas etched onto 

the printed circuit board. 

The rise-time of the amplifier signal is about 50 ns without input 

capacity, but it degrades to 200 ns when the amplifier is coupled to 

a large number of wires (from 20 wires for a cathode group amplifier 

to 150 wires for an anode amplifier). Ten amplifiers for the position 

signals or eight group amplifiers plus one anode amplifier are 

mounted on a single printed-circuit board. A common test input allows 

easy control and adjustment of separate amplifiers. 

As shown in figure 3*12 the digital (group) channel takes the signal 

from tha charge-sensitive amplifier via an RC network and triggers an 

AM685 discriminator. The discriminator is provided with a positive 

feed-back RC network to provide a small hysteresis and monostable 

operation. The discrimination level is adjusted separately for each 

channel by a trim potentiometer. The discriminator has two comple

mentary outputs of ECL levels. These outputs drive a twisted pair in 

a flat cable of 30 n> length which is connected to a coded read-out 

unit. 
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Figure 3-H: Basic principle of the charge-sensitive amplifiers. 
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Figure 3-12: Charge-sensitive amplifier with digital output. 
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Por the analog channels the time constant of the RC network that 

takes off the signal fro» the charge-sensitive amplifier exceeds the 

time constant of the feedback network by an order of magnitude to 

prevent distortion of the pulse. The pulse is further amplified in a 

second amplifier which drives a 50 Q cable. The additional voltage 

amplification by a factor of ten improves the signal-to-noise ratio 

with respect to noise picked up during transport over 30 ° of cable 

to the ADC units. 

The anode amplifiers consist of the same charge-sensitive amplifiers, 

with a minor modification to take care of the opposite polarity. 

After a second amplification stage the signals are transported over 

30 m of 50 Ö cable to ESN CF4000 constant-fraction discriminators, 

which yield timing signals for the coincidence circuit. 

3i3i2i_Coded_read;out_units 

The digital signals from the group amplifiers are transported over a 

twisted-pair flat cable to the coded read-out (CRO) units which can 

be operated in three modes, selected by software. There are four 

identical units, one for each detector coordinate. The central part 

of a CRO unit is a field programmable logical array (FPLA) which 

translates the acceptable 31 °ut of 211 patterns of group signals 

into a coarse position code when the CRO unit is in FPLA mode. 

In case of an invalid pattern, e.g. an event detected in two groups 

which are not direct neighbours in a cathode plane an INVALID signal 

is generated which can be used to reject events within a few us (the 

so-called FPLA-autoreject mode). 

A CRO unit produces two 16-bit words, a DATA and a STATUS word. The 

STATUS word indicates the mode of operation and whether a "true" or 

"false" coincidence was detected (see section 3*3-3)» The contents of 

the DATA word depends on the mode of operation. In the TEST (or non-

FPLA) mode a CRO unit directly transmits a bit pattern, where each 

bit indicates whether or not the corresponding group signal exceeds 

the discrimination level. In the FPLA or FPLA-autoreject mode a 6-bit 

code is generated in which four bits represent the number of the 
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Table 3*1: Format of DATA and STATUS words of a Coded Read-Out unit. 

| FPLA or FPLA-autoreject mode | TEST mode (non-FPLA) 

CRO DATA 

CRO STATUS 

| bit 

| bit 

| bit 

<0:3> 

<7> 

<15> 

group number [0:15] 1 

(for a double hit: | 

number of first group)| bit pattern 

set for double hit | 

set for valid pattern | 

bit <0> set for FPLA mode 

bit <7> event trigger (always set) 

bit <15> set for "false" coincidence 

(only in CRO 4) 

15 

1 

7 

0 

3 

1 

2 

0 

1 

0 

0 

1 

V 
valid 

t, single hit group # 9 

DATA 

15 

1 

7 

1 

0 

1 

<s 
"false" coincidence 

STATUS 

l 1 
event trigger FPLA mode 

Figure 3.13: DATA and STATUS words produced by a Coded READ-OUT unit 

in FPLA mode. 
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lowest group registering a signal. One bit is set if two adjacent 

groups are hit and the sixth bit should be set for a valid pattern. 

In the FPLA-autoreject mode the latter should always be set, as this 

mode assumes immediate rejection of invalid events. However, there is 

no check whether the INVALID signal is actually connected to the co

incidence unit. In practice, the autoreject option is not used as it 

prevents software contrei of the fraction of rejected events, one of 

the indicators of a correct operation of the detectors and associated 

electronics. Table 3-1 and figure 3-13 give the format of the STATUS 

and DATA words for the different modes of operation of the CRO units. 

3i3i3i_Q2èü?ï<?§nc§_uOè£_ 

The coincidence unit handles the timing anode signals of the two 

detectors. A schematic diagram is given in figure 3«1^« Upon 

reception of a pulse from one of the two anodes of a detector the 

corresponding ADC and CRO units are activated. If no signal from the 

second detector arrives within one of the two coincidence time 

windows (see below), or if one of the CRO units sets an INVALID data 

bit, all circuits are reset after 3 ps. If, however, a coincidence 

is registered and not immediately rejected, no further signals are 

accepted during a period of 2 ms (measured by the BUSY monos table in 

figure 3-14) in which time the signals can be processed. The first 

60 us (timed by the CONVERSION monostable M5) are reserved for the ADC 

units to digitize the analog cathode signals. Then the CAMAC system 

(Fisher Controls) is activated to transport ADC and CRO data through 

a Direct Memory Access (DMA) device to the VAX computer. In principle 

this process should be finished within 200 us. However, if the DMA 

buffer is full, the response-time of the computer system may exceed 

this value. Thus, in order to prevent data corruption hampering the 

further processing we have increased the time window to 2 ms. 

The coincidence circuit discerns two types of coincident events: 

"true" or "false". A true coincidence is registered if signals from 

both detectors arrive within a time window 2x (*250 ns). A false 

coincidence is registered if this condition is met with the signal of 
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one detector delayed by 600 ns. These false or accidental coinci

dences are used as a simultaneously measured correction for the back

ground events registered in the "true" channel. The true or false 

character of a given coincidence is written into the status word of 

the fourth CRO unit. The different interconnections between the ADC, 

CRO, DMA and coincidence units are shown in figure 3-15- The coinci

dence unit also provides signals to four output channels marked L, R, 

C and FC which are used to monitor the correct operation of the 

detectors. 

(•ft 

right 

gate 
ADC and CRO 

conversion, 
read-out 

reset 
ADC and CRO 

M Monostable 

I AND function 

21 or function 

-1 inverter 

Figure 3-1^: Schematic diagram of the coincidence unit . 
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CR01 

*-

AOCZ 

GATE 

RESET 

CR02 

1 
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* 4 i t 
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-• •-
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DMA UNIT 

ADC • * - ^ £ 
— ^ 2 . 
ANALOG SIGNALS 
FROM THE RIGHT 
DETECTOR 

C M 4 .» 

0/07)U. SIGNALS 
FROM THE RIGHT 
DETECTOR 

Figure 3-15: Schematic diagram of the interconnections between the 

ADC, CRO, DMA and coincidence units. 
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4. SOFTWARE 

The computer programs which handle the experimental data can be 

classified into three main groups: real-time software for the data 

acquisition, test programs to obtain and maintain optimum performance 

of the detectors and, finally, programs for data correction and 

analysis. Although arbitrary in some respects this classification 

will be followed in the discussion of the main features of the 

different programs in this chapter. 

4.1. Real-time software 

The term real-time software is used here in a broad sense to indicate 

all programs which are essential for the acquisition of experimental 

data and have to respond within a short term when some condition is 

met. This ranges from a direct transfer of data for a single event to 

an update of registers after a fixed (e.g. hourly) interval. 

Different tasks have been assigned to separate programs, which may 

run as interdependent processes under the VAX/VMS operating system. 

So-called event flags signal when a process has to be suspended or 

activated. Data communication takes place through disk files or 

shared memory, i.e. a part of the computer memory available to more 

than one process. As there is no protection mechanism provided by the 

operating system (VAX/VMS version 2.4) a protocol had to be devised 

to prevent a process from corrupting data which are simultaneously 

handled by a second process. 

The central position in this protocol has been assigned to the 

program PANDACQ (see figure 4.1). Its operation is illustrated by the 

simplified flow diagram in figure 4.2. At start-up, PANDACQ sets a 

default mode of operation of the CRO units. Then it initiates the 

Direct Memory Access device (DMA) which transfers data from the ADC 

and CRO units to a buffer in the computer memory. The data structure 

for a single event consists of 56 words of information as shown in 

figure 4.3. 
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Figure 4.1: Buffers and event flags shared between the DMA process 

and the programs PANDACQ, PRODUCTION, TEST and TIMER. 
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PANDACQ 

set default mode 

I 
set up DMA transfer 

I 
wait for end of DMA 

—»- wait for request events 
I 

start DMA on alternate buffer 

process events •* 
I 

test event {not OK) test mode ? 

J (yes)-

write to output buffer 

(no) 

last event ? (no)-

I 
clear flag: request events 

I 
set flag: events available 

I 
wait for end of DMA 

Figure 4.2: Flow diagram of the data acquisition program PANDACQ. 
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number of events N 

( N = 291 ) 

data event 1 

deta event 2 

data event i 

data event N 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

WORD 

1 

13 

25 

37 

- 12 

- 24 

- 36 

- 48 

49 

50 

51 

52 

53 

5* 

55 

56 

: ADC 1 

: ADC 2 

: ADC 3 

: ADC 4 

: CRO 1 

: CRO 1 

: CRO 2 

: CRO 2 

: CRO 3 

: CRO 3 

: CRO 4 

: CRO 4 
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(12 channels) 

(12 channels) 

(12 channels) 

data 

status 

data 

status 

data 

status 

data 

status 

Figure 4.3: Structure of a CAMAC data buffer. The data block 

transported by the DMA device for each event consists 

of 56 words as indicated for event i. 



- 55 -

When the buffer is full (after 291 events), the DMA process stops and 

sets the flag "CAMAC data available". If a third process, e.g. a 

user's program to analyse data, sets a "request events" flag, PANDACQ 

starts the DMA process to a second buffer and processes the data in 

the first buffer. When the data for an event pass a number of tests 

the coordinates of the detected T quanta are calculated and written 

to an output buffer. The flag "events available" signals the end of 

the data processing by PANDACQ. The user's process may request a 

second output buffer to be filled by PANDACQ before it starts to 

analyse the results in the first buffer. With two alternating input 

and two alternating output buffers PANDACQ should be able to serve 

both the DMA and the user's process almost instantly. In practice 

this means within about 1.5 ms. 

Actually, PANDACQ has two pairs of output buffers at its disposal. 

The "production" buffers contain only the coordinates and an event 

status word for each event. The "test" buffers also contain the 

coordinates and the status word, but in addition make available the 

original ADC and CRO data (see figure 4.Ü). These can be used to 

check and tune the operation of the detectors, or to impose more 

stringent conditions on the events accepted by PANDACQ. 

Each pair of buffers can be used by one user's program. PANDACQ has 

been designe serve concurrently one "production mode" and one 

"test mode" program, even if they require different operating modes 

for the CRO units. The tests which are necessary for this complicated 

dual task are not included in the simplified flow diagram (figure 

4.2). At present, the production program claims the "test" buffers 

to perform tests which have not been included in PANDACQ and to 

monitor the number of rejected events. Thus, the "production" buffers 

indicated in figure 4,1 are not used and it is not possible to run a 

"test mode" program when a measurement is in progress. 

The production program calculates the angle between the directions of 

the T quanta and increases the corresponding element of the angular 

correlation array by one. Similarly, arrays representing the dis

tribution of detected Y quanta over the surface of the detectors are 

updated. 
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Figure 4.4: Structure of the data block for a single event in the 

"production" or "test" output buffers of the PANDACQ 

program. 
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In the original scheme the production program would use the 

coordinates delivered by PANDACQ in the production buffers for this 

purpose. However, the corre.. ion to the centre-of-gravity read-out 

described in section 3«2.3 has not been incorporated in PANDACQ. 

Moreover, the fraction of events rejected by different tests turned 

out to be an important parameter, not supplied by PANDACQ, to monitor 

the operation of the detectors. At present the production program 

uses the test buffers to partly copy the work done by PANDACQ but 

including the final correction to the coordinates and the tests 

listed in table 4.1. 

The "CRO bit pattern" test rejects events with invalid bit patterns. 

In the autoreject mode an invalid pattern results in a fast reset 

without DMA transfer. This reduces the system dead time and work 

load. However, it also takes away the possibility to check whether 

an unusually high number of events is rejected, e.g. as a result of 

a defective amplifier. 

The "ADC sum" and "ADC quotient" tests together reject events for 

which the ADC values would yield an inaccurate or even incorrec" 

position. Figure 4.5 sh'.ws examples of events which are rejected by 

these tests. 

The fourth test limits the accepted positions to the active area of 

the T converters. 

Finally, the last test checks whether the position obtained from the 

ADC values is consistent with the CRO code. Thus, if two neighbouring 

groups register an event, the position should not be too far from the 

boundary. Conversely, if the position is very close to a group bound

ary, two groups should register a signal. Without these conditions 

the calculated position might be shifted over 20 mm (i.e. the width 

of a group) with respect to the true position. 

The number of events rejected by the different tests, the number of 

times each ADC channel registers the largest pulse height, together 

with the production arrays containing the angular correlation and the 

detector data are stored at a fixed position in the computer memory, 

accessible to other processes. Thus, the most recent test results can 

be inspected at any desired moment. 
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Table 4.1: Consistency tests applied to the CRO and ADC data for 

each detector coordinate. 

test name description of condition to be fulfilled 

1. CRO bit pattern bit pattern valid, i.e. one group or two 

adjacent groups above detection level (always 

true in the autoreject mode) 

2. ADC sum sum of maximum and neighbouring ADC channels 

within certain limits 

3. ADC quotient ratio of maximum ADC channel to the sum of 

maximum and neighbouring channels within 

certain limits 

4. coordinate limits calculated coordinates within the active area 

of the detector 

5- position and group CRO pattern consistent with calculated 

consistency position 
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Figure 4-5: ADC patterns rejected by tests 2 and 3 listed in table 

4.1. Examples are given of limiting cases with almost 

correct (left) or clearly wrong patterns (right). 

a) ADC contents too low. 

b) ADC contents too high. 

c) quotient of maximum and side channels too low. 

d) quotient of maximum and side channels too high. 
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The final link in the chain of real-tine processes is formed by a 

program called TIMER. It is activated every hour to perform the 

following sequence of tasks: 

1. suspend PANDACQ and the production program 

2. add the contents of the production arrays to the contents of 

the so-called LIFE file, i.e. a disk file containing all 

accumulated data 

3. reset the production arrays to zero 

4. report activities to a log file 

5. resume the production program and PANDACQ 

Recently, the second step has been changed into a conditional activ

ity. Only if the test results are within certain limits the contents 

of the arrays are added to those of the LIFE file, otherwise a 

different file is used. Moreover, the hourly test results are stored 

separately to give a clearer insight into the evolution of the 

detector operation. 

4.2. Test programs 

This category of software contains a variety of programs, from a 

simple read-out program for scalers to a complex set of subroutines 

which enable the user to build a production-like program tailored to 

his wishes. Here, only the most relevant programs are discussed. 

The program COUNSC might have been included in the description of the 

real-time software. At fixed time intervals it monitors the number of 

coincidences and the number of single events at each detector. If one 

of these numbers surpasses a given reference value, COUNSC suspends 

PANDACQ. This reduces the risk that the already accumulated angular 

correlation data are corrupted by data taken at too high a noise 

leve] of one of the detectors. Thus, COUNSC improves the overall 

quality of the data. It is intended to include in this program the 

option to adjust the detector voltages in order to reduce the loss of 

data collection time caused by too much detector noise and thus to 

obtain an optimal detector operation in varying atmospheric 

conditions (see also chapter 5)-
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Two other programs to check the status of current measurements are 

CUTS and RDPIEK. The first one reads the results of the tests 

performed by the production program. It produces a listing of these 

results and a warning if too many bit patterns (i.e. group signals) 

are rejected or if one of the ADC channels never records the maximum 

pulse height, a strong indication for a defective amplifier. The second 

program reads the angular correlation data in the LIFE file (or a 

copy of that file), subtracts the background, corrects for the angu

lar efficiency function and integrates the results in one direction 

to obtain a ID angular correlation curve. The peak and total area 

below the ID curve are calculated as well as their ratio, which is 

equivalent to the S parameter obtained from Doppler broadening 

experiments. 

The program DISCR is used to optimize the discriminator settings for 

the cathode group signals. It requires the non-FPLA mode of PANDACQ 

t-o analyse all bit patterns, correct or incorrect. For each group the 

number of hits in both categories is listed as shown in figure 4.6. 

The number of correct and incorrect hits per group are given both 

numerically and in the form of bar diagrams. Although the numbers 

show that about one in twelve hits per group is incorrect, the frac

tion of events rejected because of an incorrect multiple hit is much 

lower, usually around "$%. This difference just shows that for many 

incorrect patterns more than two groups surpass the trigger level. 

This may be caused by very large pulses or by cross-talk between 

amplifiers on the same print (i.e. all even or all odd-numbered 

groups). 

The program DISCR provides an option to print correlation tables 

showing how often each pair of groups fire together. The lower part 

of figure 4.6 shows a different correlation table which makes clear 

that incorrect CRO bit patterns or all-zero patterns are often found 

simultaneously for both coordinates of a detector (compare the second 

and third diagonal elements with the totals for each coordinate). 

Probably, these events would also be rejected by the tests applied by 

the production program to the ADC values. 
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Figure 4.6: (previous page) 

Example of the output generated by the program DISCR. 

For both coordinates of a detector the number of hits 

per group are printed (top) and graphically presented 

(centre) in the form of bar diagrams. The second and 

fifth columns in the left hand side of the figure 

correspond to acceptable bit patterns, the third and 

sixth columns to incorrect patterns. The correlation 

table (bottom) reports the fraction of events with 

acceptable ("status" = 1 ) , incorrect ("status" = 2) 

and zero bit patterns ("status" - 3) for both coor

dinates simultaneously. 
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Figure 4.7: Contents of the data block for a single event in the 

test output buffer of PANDACQ. 

The first line contains the four coordinates (in units 

of 1/16 mm). 

The second line contains the status word in hexadecimal 

format. In FPLA mode, the status word is equal to 81 for 

a coincidence and to 808l for a "false" coincidence. 

Lines 3 to 6 show the contents of the 12 channels of 

each of the four ADC units. Only 10 channels are used as 

indicated by the double colons. 

The last line shows the contents of the DATA and STATUS 

words of the four CRO units (cf. table 3-1). again in 

hexadecimal format. Thus, the code 8004 stands for a 

valid pattern with a hit in group 4 and 808l represents 

a valid pattern with a double hit in groups 1 and 2. 
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Figure 4.8: Bar diagrams of ADC values produced by the program CHAM. 

For three events data are presented for the y (top) and 

z (bottom) coordinates of one detector. The ten channels 

are printed twice in order to present more clearly events 

at the border of two groups (lower right hand side). The 

peak value is given below the diagram and presented 

graphically at the left hand side by a column of zero's. 
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The program PANTEST prints the contents of a data block in the test 

output buffer of PANDACQ (cf. figure 4.4). An example of such a 

print-out is given in figure 4.7-

The last test program to be described here is called CHAN. This most 

versatile program has been used extensively in the start-up phase of 

the experiments. It consists of a menu-driven set of subroutines 

which allow the user to perform different tasks. 

One of the options presents the CRO and ADC data of separate events 

in print, similar to the output of PANTEST, or in the form of bar 

diagrams (see figure 4.8). These data may also be stored on a disk 

file for future reference, e.g. to check the effect of simple or 

combined tests as a filter for unwanted events. Furthermore, the 

program supplies ample facilities to create complicated tests to 

study e.g. the distribution of rejected and accepted events over the 

surface of a detector, either in two dimensions or in projection. In 

this way we have selected the tests described in section 4.1 (see 

also table 4.1) and determined the limits to be applied. This program 

has been used to perform the first 2D ACAR measurements with the set

up described in this report. However, its use has been very limited 

ever since regular measurements have begun to employ the production 

program. 

4.3. Software for data correction and analysis 

A number of programs have been written to handle the accumulated 

data. Together they perform the following tasks: 

- extraction of data from the LIFE file 

- subtraction of the background 

- correction for the angular response function 

- smoothing of raw data 

- differentiation 

- summation or subtraction of data, e.g. for magnetic measurements 

- rotation of a 2D distribution 

- LCW-folding 

- graphic presentation 
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5. PERFORMANCE OF THE 2D ACAR SET-UP 

This chapter describes the operation of the high-density multiwire 

chambers, from the problems met in the start-up phase to the effi

ciency and resolution realized at present. The actual counting rate 

is significantly lower than the expected value. The reasons for this 

are discussed, together with possible improvements. The position 

resolution of the wire chambers is very good. As a result, the 

present set-up ranks among the world's best with respect to angular 

resolution (when operated at the maximum detector-to-sample 

distance). Unfortunately, the relatively low counting rate prevents 

us to exploit this asset fully. The planned improvements will allow 

us to derive the full profit from the high resolution attainable 

rather than to decrease significantly the time spent on a single 

experiment. Nevertheless, in its current form the set-up has already 

produced interesting and worthwhile results. [8,5**] 

5.1. Start-up problems 

Apart from some unforeseen but not unexpected problems with the 

computer software which handles the data acquisition, two more 

serious problems have caused considerable problems. First of all, 

the performance of the detectors, their efficiency, stability and 

time resolution fell short of the expectations. The second problem 

was related to the coordinate read-out system. 

It was soon realized that the time resolution of a large area 

detector with 150 anode wires coupled to a single amplifier could not 

match the result obtained under optimum test conditions. [**8] It was 

disappointing, however, to find no indication of a drastic 

improvement at high electric field strengths in the converter holes. 

Moreover, the efficiency remained low and the detectors were unstable 

and sparked easily. As a result, anode and cathode amplifiers had to 

be repaired often. Even worse, one of the converters was damaged and 

had to be disconnected. (The construction of the detectors makes the 

replacement of a converter a major operation). At a later stage the 
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first converter of the second detector had to be disconnected for the 

same reason. 

Separate supplies of pure neon and carbon dioxide made it easy to 

change the gas composition but difficult to change the flow rate of 

mixed gas of a given composition. Thus, it took a considerable time 

before it was realized that contamination of the gas, rather than a 

change of composition influenced the operating voltage of the 

detectors. A chemical analysis of the detector gas showed an oxygen 

content above 1%. Part of the contamination was due to diffusion 

through the walls of the polyethylene gas tubes while the remainder 

leaked through the O-ring seals of the detectors. The gas tubes have 

been replaced by similar flexible tubes with an inner wall made of 

aluminium. When the detectors were finally mounted inside a metal 

containment reproducible results could be obtained even at low 

flushing rates. The detectors are now flushed in series with a 

premixed gas containing 80% neon and 20% carbon dioxide at a rate of 

approximately 2.5 litres per hour. One third of the gas is bubbled 

through isopropanol. The performance of the detectors with this gas 

mixture is reported in the following sections. 

The coordinate read-out system has also presented problems. The 

digital part of the coded read-out system which yields the coarse 

coordinates proved to be very sensitive to ringing. The block pulses 

generated by one level discriminator were easily picked up by the 

input stage of the amplifier of a second group, finally causing 

oscillations on all eight channels of a single printed-circuit board. 

Via the cathode wires those signals could even be transmitted to the 

channels of the second coordinate. Several attempts to improve this 

situation were only marginally successful. In the original design 

eight group channels had been combined with one anode amplifier and 

discriminator on a single printed-circuit board. The anode discrimi

nators were removed and replaced by separate secondary amplifiers 

and constant-fraction discriminators as indicated in figure 3.10. 

Neither this step, nor shielding the twisted-pair signal cables with 

a mantle of woven copper wires yielded substantial improvement. 

Better results were obtained when the common zero voltage of all 
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amplifiers was carefully (and multiply) connected to the metal 

supporting frames of the detectors. Finally, the problem effectively 

disappeared when the detectors were mounted inside the metal gas 

containment. 

5.2. Adjustment of the coordinate read-out system 

Before a measurement can be started, the amplifiers and discrimi

nators of the coordinate read-out system have to be tuned to obtain a 

constant net efficiency without distortion of the position read-out 

at the scale of the detector resolution. This means that for each 

coordinate all group channels should have the same trigger level and 

all ADC channels should register the same pulse height for a given 

signal strength. The printed-circuit boards of the preamplifiers 

contain an input plug for test signals. These signals are coupled to 

the input stage of the amplifiers through small capacitors etched 

onto the board. This provision allows a rapid adjustment of the level 

discriminators. However, the accuracy proved to be insufficient, 

mainly because of differences in the capacitor values. 

After some fruitless attempts to adjust the amplification factor in 

the analog (i.e. ADC) channels with the use of detector pulses it was 

decided to include differences in sensitivity in the correction to 

the calculated coordinates as described in section 3'2.3. The effect 

of this correction is shown in figure 5»1« A large part of the 

original structure is removed, but the remaining periodic structure 

may still affect the momentum response function of the 2D ACAR 

set-up. 

The fine adjustment of the level discriminators of the group signals 

is performed with the use of the results of the program DISCR 

described in section 4.2. If one detector is positioned close to the 

source the distribution of coincident pulses on the second detector 

at a larger distance should be flat if T absorption in the sample is 

isotropic for the angles of interest. This condition can be satisfied 

by tilting the sample surface over a few degrees. The level discrimi

nators are adjusted to obtain the expected flat distribution and a 

maximum fraction of accepted bit patterns. 
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Remaining structure has a small but non-negligible effect on the angular 

response function of the set-up. For this reason the angular response 

function is calculated from separate measurements of the distribution of 

pulses over the surface of each detector (again with one detector close 

to the source and the second detector at a larger distance). 

5.3. Operational characteristics 

In this section we present data on the efficiency and timing 

properties of the detectors. The position resolution is reported in 

the next section. The use of Ne/COt as a detector gas has first been 

advocated by Jeavons [48] as a non-combustible and non-polymerizing 

alternative to gas mixtures containing hydrocarbons. Its relatively 

low stopping power for fast conversion electrons can be compensated 

by gas multiplication in the converter holes at high electric field 

strengths. This makes it possible to reduce the detector anode 

voltage and thus to suppress pulses generated by primary conversion 

electrons traversing the anode region. Rejection of these pulses 

should improve the position resolution as the primary electrons may 

have escaped at large angles from the converter. 

The efficiency of the detectors depends on the definition used. The 

highest value (the "gross" efficiency) is obtained if all anode 

pulses are registered. The lowest and most realistic value (the "net" 

efficiency) if only those anode pulses are taken into account which 

arrive within a given time window and for which the position at the 

detector can be calculated from the corresponding cathode pulses. 

Figure 5-2 shows the gross detection efficiency obtained from the 

anode counting rate as a function of the anode voltage at different 

strengths of the electric drift field inside the converter. The 

dependence on the converter voltage at constant anode voltage is 

given in figure 5-3« The data have been corrected for absorption of 

the T quanta in the sample and in the air. The results have been 

obtained with three (out of four) Y converters in operation. 
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Figure 5-2: Gross detection efficiency as a function of the anode 

voltage for a high-density multiwire chamber (HDMC) 

detector with three T converters at different values of 

the electric drift field inside the converter holes. 
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Figure 5.3: Gross detection efficiency as a function of the strength 

of the electric drift field in the converter holes at a 

constant anode voltage of 2160 V. 
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Table 5*1: Typical values for the percentage of events rejected in 

successive consistency tests during the calculation of the 

y and z coordinates of the two detectors. 

test y1 z1 y 2 z 2 

CRO bit pattern 10 3 6 1 

ADC sum low 1 0.2 0.1 0.1 

ADC sum high 10 0.7 12 0.5 

ADC quotient low 2 1 1 1 

ADC quotient high 1 1 1 1 

coordinate limits 0.3 0.3 0.3 0.3 

position and group 0.8 0.8 0.8 0.8 

consistency 
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Although the first converter (which absorbs 15% of the radiation) was 

disconnected from the high-voltage supply it still provided a contribu

tion which was estimated (from the result obtained for zero converter 

voltage) to be less than 0.7%. The detection efficiency does not satura

te at high operating voltages, i.e. there is no plateau. Consequently, 

changes in the atmospheric pressure have a clear effect on the detection 

efficiency unless the operating voltage is changed accordingly. This is 

now performed manually, but will be controlled by computer when the ne

cessary software has been developed. 

A maximum gross efficiency of 10% may be reached at different combi

nations of anode and converter voltages, but for stable long-term 

operation a value of about &% is more realistic. Table 5-1 makes 

clear how the consistency tests listed in table 4.1 reduce the net 

efficiency to about 6%. The apparent differences between the two 

coordinates are caused by the order in which the tests are applied, 

i.e. for the second coordinate only events which have passed the 

tests for the first coordinate are considered (see for comparison 

figure 4.6). 

The timing properties of the detectors are illustrated in figure 5-4. 

Pulses duj to primary conversion electrons escaping from the T con

verters produce the "prompt" peak at short times. Secondary electrons 

from the converter holes take much longer to drift towards the anode 

plane and yield the broader "converter" peak at larger times. As the 

drift velocity in Ne/COi does not saturate (at least not for the 

values of the electric field used) the converter peak shifts towards 

shorter times and becomes narrower at high field strengths. However, 

we do not observe the drastic change [48,56] which should allow us 

the use of a very narrow time window for coincidence measurements. 

Apparently, the gas amplification in the high-field region limits the 

electric field in the largest part of the converter to a mere drift 

field. A voltage-division chain different from the one shown in 

figure 3>6 may yield an improved time resolution. At present we use 

a time window 2x of 250 ns which partly suppresses the prompt pulses 

and thus reduces the number N of coincident events to about 15% of 

the maximum value. This number can be calculated with the formula 
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Figure 5A: Time of arrival of the anode pulses of a HDMC detector 

measured in coincidence with a fast s c i n t i l l a t o r . 
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Nc * 2N+t+tItIc1cïTtQX (5.1) 

Here N+ is the number of positrons emitted by the source, t the 

transmission of positrons from source to sample, tj and t2 the 

transmission of the two annihilation quanta from sample to detector 1 

and 2, and Ci and et the efficiency of the two detectors. The symbol 

n gives the reduction by the use of a narrow time window, Q the 

opening angle of a detector and * the probability that an annihi

lation T quantum is emitted within the opening angle of a detector if 

the simultaneously emitted T quantum strikes the opposite detector. 

[37] The factor 2 comes from the number of T quanta emitted at the 

annihilation of a positron. 

At delivery the 64 mCi 2INa source yielded 4.38 x 10* positrons per 

second in a 2n solid angle. The transmission of the positrons through 

6 mm of air and the 5-5 um titanium foil is equal to 88%. The total 

T absorption in a quartz sample, in the quartz windows of the 

cryostat, in 8 m of air and 0.5 mm aluminium in front of a detector 

is approximately 20%. Thus, with the detectors at 8 m from a quartz 

sample the net coincident counting rate is estimated to be 

N = 2 x 4.38 x 10»x 0.88 x (0.8)'x (0.06)*x 0.75 x 1.12 x 10-*x 0.8 

= 119 s-1 

The measured rate, corrected for the decay of the source corresponded 

to 65 s-1 . A similar discrepancy between calculated and observed rate 

is found for other samples. Even if one takes into account that the 

effective thickness of the titanium foil is larger (and hence, the 

positron transmission lower) for positrons emitted at oblique angles, 

the above result suggests that the detector efficiency is overesti

mated by about 20%, 
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There are a number of effects which may increase the anode counting 

rate: 

L A Y quantum, Compton scattered in one half of the detector, may 

interact in the second half of the same detector. These inter

actions may be registered as two separate events. 

2. Large pulses at one anode of a detector induce a smaller delayed 

pulse at the second anode through the coupled cathode planes. 

Again, two single counts may be registered. 

3- The arrival of the positive ions at the cathode may also be 

registered at the anode. This happens if the impact of the ions 

releases electrons which cause a second avalanche at the anode, 

or if the cathode pulse induces a sufficiently strong signal at 

the anode. 

4. The detectors may register quanta scattered at the collimators 

or at the detector frames. 

Two pulses separated by a time interval smaller than the dead time 

of the coincidence circuit (at present 125 ns) are registered as a 

single event. Varying the dead time for single pulses from 100 to 

250 ns has no effect on the anode counting rate; for shorter dead 

times a 10 to 20£ increase has been observed. It may be concluded 

that the first two effects do not influence the efficiency 

measurement. 

On an oscilloscope the arrival of the positive ions at the cathode 

can be observed as a broad anode pulse, delayed by about 60 us with 

respect to the corresponding normal anode pulse and of opposite 

polarity. Although of the wrong polarity, some of the delayed pulses 

might still trigger the constant-fraction discriminators. However, 

a time spectrum similar to the one shown in figure 5-4, but with the 

scintillator signal delayed to suppress normal anode pulses, gave no 

indication that this process actually occurs. 

In order to estimate the contribution of scattered T quanta two tests 

have been performed. In the first test, a 5 cm thick lead wall 

screened the active area of a detector. One of the four sides of the 

detector frame was partly screened as well. The net single counting 
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rate amounted to 6% of the counting rate without screening. A similar 

result was obtained in a second test in which the sample was 

positioned outside the field of view of the two detectors. Thus, the 

total contribution of scattered T quanta may amount to 15% of the 

observed single counting rate. 

Although the discrepancy between the estimated and observed 

coincident counting rates has not been explained completely, it seems 

realistic to accept a value of 3% for the net efficiency of a 

detector (with three of the original four T converters in operation). 

A relaxed timing condition and more sensitive electronic equipment to 

reduce the fraction of rejected events may increase the net coinci

dent counting rate by a factor two. 

Apart from changes in the electronic equipment the following actions 

are considered in order to increase the detector efficiency: 

- replacement of the defective T converters. 

- replacement of all * converters by new ones with thicker lead 

foils and a different hole geometry. The use of 0.2 mm instead of 

0.1 mm foils would increase the stopping power from 50 to 75%. 

Larger holes or thinner walls between the holes may increase the 

T-to-electron conversion yield. 

- a constant or more slowly converging electric field inside the 

converter holes. 

- the use of isobutane instead of Ne/CO, as a detector gas to 

increase the number of secondary electrons released by primary 

conversion electrons traversing a converter hole. 

By a combination of measures it should be possible to reach the 

design efficiency of 12%. 

5.*l. Angular resolution 

The angular resolution of the 2D ACAR set-up has been determined from 

a measurement of the positronium peak for a quartz sample. To obtain 

an accurate result the angular correlation has been measured for 

angles smaller than 10 mrad at 0.0625 mrad intervals with the 

detectors at 8 m from the sample. 
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Figure 5-5a: Positronium peak observed in a quartz sample at 8 K 

for a detector-to-sample distance of 8 m. A Gaussian 

contribution with a FWHM of 11-75 mrad has been 

subtracted. The peak can be fitted with the sum of 

two Gaussian functions. The result is shown along the 

y direction for slices of different widths. 
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Figure 5.5b: Positronium peak observed in a quartz sample at 8 K 

for a detector-to-sample distance of 8 m. A Gaussian 

contribution with a FWHM of 11.75 mrad has been 

subtracted. The peak can be fitted with the sum of 

two Gaussian functions. The result is shown along the 

z direction for slices of different widths. 
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The angular correlation curve consists of a narrow peak due to the 

annihilation of thermal positronium superimposed on a much broader 

background from the annihilation of free positrons and pick-off annihi

lation. A ring of Umklapp peaks has also been observed at approximately 

5.6 mrad from the central peak. Over an area of 6 x 6 mrad* (with the 

exclusion of a central area of 3 * 3 mrad1) the broad background compo

nent can be described by a single Gaussian function of 11.75 mrad FWHM. 

After subtraction of this broad component the remaining narrow peak can 

be described well by the sum of two Gaussian functions as shown in 

figure 5-5. 

Measurements for opposite directions of the magnetic field (at a 

field strength of 5'7 T) clearly show a magnetic quenching effect. 

Table 5 «2 summarizes the results of least-squares fits to the 

experimental data. In unconstrained fits the width of the inter

mediate component is quite different for measurements for opposite 

directions of the magnetic field. However, the residues of the fits 

hardly increase if the width is fixed to a common (intermediate) 

value. Moreover, the integrated intensities of the intermediate 

components remain almost constant in both fits. 

From a comparison of the intensities of the three components it would 

seem that the intermediate component is not proportional to either 

the background or the narrow positronium peak. In the course of the 

measurements it has been observed that both the narrow peak and the 

intermediate component decreased in intensity by about 20%, probably 

as a result of radiation damage. It is possible that the intermediate 

component corresponds to events for which the calculated position at 

one of the detectors is shifted with respect to the true position. 

Oberli [25] has analysed the effect of Compton scattering of T quanta 

in the converters and shown that it leads to tails in the angular 

resolution function. A second contribution may come from events with 

ill-defined ADC patterns which nevertheless pass the consistency 

tests. The fraction of these events may vary with the operating 

conditions, which depend on the atmospheric pressure as mentioned 

before. This effect does not need to be constant over the detector 

area and may thus explain the small differences found in the position 

and width of the narrow peak for the two measurements. 
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Table 5*2: Results of least-squares fits to the central 3 * 3 mrad* 

part of 2D ACAR distributions for a quartz sample for two 

directions of the magnetic field (up and down corre

sponding to the magnetic field parallel and antiparallel 

to the direction of emission of the positrons). A Gaussian 

function of 11-75 mrad FWHM has been subtracted from the 

data. 

5-parameter fit: 

narrow component: 

FWHM (y) 

FWHM (z) 

magnetic field up 

integrated intensity 

(background = 100) 

intermediate component: 

FWHM (y.z) 

integrated intensity 

(background • 

X*/N 

^-parameter fit: 

narrow component: 

FWHM (y) 

FWHM (z) 

100) 

0.460 mrad 

0.316 mrad 

0.368 

1.182 mrad 

0.279 

1.233 

0.467 mrad 

0.325 mrad 

magnetic field down 

0.451 mrad 

0.327 mrad 

0.529 

1.456 mrad 

0.500 

1.255 

0.445 mrad 

0.322 mrad 

integrated intensity 

(background =100) O.386 

intermediate_component: 

FWHM (y.z) 

integrated intensity 

(background =100) 0.282 

0.515 

1.348 mrad (fixed) 1.348 mrad (fixed) 

0.488 

X*/N 1.248 1.273 
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The above analysis leads to the following conclusions: 

- the resolution function can be described reasonably well by the SUB 

of two Gaussian functions, a narrow component of different widths 

in the y and z directions, and a broader component of 10.8 mm FWHM 

in both directions. The intensity of the second component aay 

depend on the operating conditions. 

- with both detectors at 8 m from the sample, the FWHM of the 

resolution function equals 0.47 mrad and 0.33 «rad for the y and z 

coordinates, respectively. At a sample temperature of 8 K, the 

contribution of the positroniua motion can be calculated to be 

0.11 mrad for an effective mass of 3-24 times the free positron 

mass (cf. eq.(A8) of ref. 57). With both detectors at the maximum 

distance of 12 o the geometrical resolution (FWHM) of the set-up 

equals 0.31 mrad and 0.21 mrad for the y and z coordinates, 

respectively. 

5.5. Accuracy of alignment 

Measurements on quartz have also enabled us to test the accuracy of 

the sample orientation procedure. With the c-axis as the direction of 

integration a ring of six positronium Umklapp peaks was observed at 

5.6 mrad from the central peak. Each Umklapp peak consists of several 

contributions which coincide but can be separated by a rotation of 

the sample as shown in figure 5 «6. By comparison of the results for a 

rotated and a carefully aligned sample, the slight asymmetry in the 

apparent positions of the Umklapp peaks for the latter could be 

translated into a misalignment of 1.2*. As mentioned in section 3.1.1 

this value is satisfactory in view of the smearing in the integration 

direction introduced by the opening angle of the detectors. 
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Figure 5-6: Umklapp positronium peaks for a quartz sample with its 

c-axis at an angle of 14* with respect to the direction 

of integration. The central peak has been cut off at 23% 

of its original height. 
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5.6. Summary 

The 2D ACAR set-up in Petten, described in this report, is a valuable 

instrument for the study of the electronic structure of compounds and 

alloys of metals. Although it has taken a considerable time to over

come *che initial problems, the set-up has proven to be reliable ever 

since. Measurements can be performed at sample temperatures between 

8 K and approximately 50 K. This range will be extended when the new 

insert is completed. As expected, the sample orientation procedure is 

accurate to about 1*. With the detectors at the maximum distance of 

12 m from the sample the geometrical resolution (FWHM) equals 

0.21 x 0.31 mrad*, an excellent result. However, the efficiency of 

the detectors leaves to be desired. A test facility has been built to 

determine the optimum parameters for a new set of T converters. It is 

expected that with an improved design and the use of thicker lead 

foils the coincident counting rate may be increased by a factor of 

four. This will really make the set-up in Petten a top-rate facility. 
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