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We describe the development of an instrument for the production of low energy positron beams that
are bunched in time, and the use of a velocity selection device. The bunching unit was constructed
from forty seven separate elements, coupled in series in a capacitor chain to reduce the delay time
for propagation of the applied voltage pulse along the electrode system and to facilitate operation at
frequencies up to 100 kHz. A parabolic potential distribution for time focusing was used. Tests with

a dc positron beam produced from a radioactive source are described, together with measurements
in which the buncher was used to compress positron pulses produced from an electron
accelerator-based beam. Computer simulations of particle trajectories in the buncher have been
performed resulting in a detailed evaluation of the factors that govern and limit the time resolution
of the instrument. A sector magnet used to velocity-select intermediate energy positrons is described
and its performance discussed. ZD03 American Institute of Physic$DOI: 10.1063/1.1581390

I. INTRODUCTION ments of the buncher are capacitively coupled, thus reducing
i . . pulse propagation delay and allowing the device to be oper-
‘The production of low energy positron beaeth en- 540 at frequencies much greater than has been achieved with
ergies typically from eV to keYhas become a standard fea- gjmijar resistively coupled devicés.
ture of many physics laboratories over the last 2 or 3 geyeral techniques have been used in conjunction with
decades. There haye been diverse applications for thes‘?aositron beams to provide energy analysis of the beam, or
beams, pgrtlgularly in the areas og condensed matter and Syserely to deflect or guide the low energy positrons such that,
face physm%_ and atomic physicS” Usually they are based {o instance, higher energy particles emanating from the ra-
around a radioactivg ™ source such that the ensuing beam is o4 ctive source do not contaminate the beam. A summary of
continuous in naturé.e., the positrons are randomly spacedhase has been provided by Colerhand they include time-
in time). (Notable exceptions include beams based aro“”%f-ﬂight Systemg;lo EXB velocity analyzer§,2 bent
pulsed machines, such as microtron electron accelerators agglenoidsz,3 and electrostatic energy analyz&t2® Here we
linear acce7lerators; see for exasmple E.&yr asummary and  gescribe the construction and use of a simple magnetic sector
Mills etal.” and Merrisonet al.” for discussions of other fig|q analyser for positron studies. The device is a true mo-
relevant instruments.However, over the years there have onium analyzefas opposed to kinetic enefgys simple to
been many successful attempts both to fiffeand bunch implement, and is especially suited for use with intermediate

(or puls_e)”‘lﬁradi(_)active source-based beams. The scientifigergy positron beams. Discussion of the instrument can be
motivation for doing so has been varied and includes thg, nd’in Sec. IIl.

following; the measurement of positron lifetimes at

surface$! and in the bulk® of materials, atomic cross section

measurementsand the production of positronium beafs, |I. THE CAPACITANCE CHAIN BUNCHER
positronium spectroscopy:*® and the prospect of studying
systems containing more than one posittdif:

In this article we present details of a positron bunching  The buncher consisted of 47 cylindrical elements each
system which has been applied, as described in Sec. I, bothith an internal diameter of 50 mm and a length of 20 mm.
to continuous beams and to bunch the pulskdus pulse They were held separately by bolts onto three lord. m)
time width) output of a microtron-based positron befiffhe  ceramic rods. The separation between each element was
main novel feature of the system is that the electrical elefixed at 1 mm using ceramic spacers and the array was held

A. Mechanical and electrical construction
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FIG. 1. Schematic of the experimental apparatus, not to
0 scale. The 7.49 kV shown applied to the buncher cham-
ber was variable with respect to the voltage applied to
Einzel . .
>Ienses the positron moderator, which was located on the 5 K
eV A Ml cryohead. This difference sat,, the positron kinetic
[/ energy in the buncher. The height of the buncher volt-
CEMA age, shown as 1 kV, could also be varied, as could the
pulse repetition rate, with 100 kHz being an upper limit.
On the right of the diagram einzel lenses and a pair of

]

\7
VLT

Pulsed field

e (100kHZ)  Static
22Na_ Ceratron | e field Steering
(45mCi} I plates

Dec.
Buncher y

stage tage

2 e

Magnets

Stesa!
Cryo K ExB plat
K) Bloc xB plates

I
!
IUI

=

7.5kV 7.2kv |

Diff. 7.49kV lenses
pump 3keV

Interaction

region magnetic sector field momentum analyzers are illus-
trated. For the buncher tests a ceratron electron multi-
plier detector replaced the einzel lens.

along the axis of the positron beamlifwhich was also the from electrode-to-electrode in their positions with respect to
axis of the magnetic field used to confine the beahhe a grounded object, meant that the capacitance to ground of
buncher elements were held inside a cylindrical vacuuneach electrode was individually accounted )for.

chamber, which was incorporated into a positron beamline  Figure Za) shows the effective capacitance network for
developed at the University of Aarh8® This setup is the final two elements of the buncher system. The capaci-
shown schematically in Fig. 1. tances between the electrodes are denoted,aandC,,_ 1,

Each buncher element was wired to a separate vacuumith the measured capacitance of tite and f—1)th elec-
feedthrough using copper wire. The feedthroughs werdrodes to ground denoted & andC?_,, respectively. It is
welded into a specially designed flange in two rows such tha¢asy to find a recursion formula that relates the capacitances
their position followed the physical layout of the buncherto the voltages that should be applied to each electftale
elements within the beamline chamber. Thus, the length oform the parabolic arrgy and this is given by
the wires to the feedthroughs was kept to a minimum, and
each was approximately the same Ier?gth. There was a dis- C”‘lz{C“(V“‘l_V“)+Cg‘l\/“‘l}/{\/”‘z_\/”‘l}’(l)
tance of 38 mm between the two rows of feedthroughs and
the diagonal distance from feedthrough-to-feedthrough wawhere C,=CaV,/(V,_;—V,). Thus, once the respective
58 mm. The overall length of the capacitor chain was 2.21 mCxs are known, and the intrinsic capacitance between each
and using the speed of light in vacuum the minimum propafair measured, the capacitance to be added can be calculated.
gation delay down a chain of this length would be 7.4 nsA computer program was written to evaluate the relevant
The measured value, between elements 1 and 33, for a pul§@pacitances, and which also gave as output the voltage
height(or buncher voltag#/,,) of 300 V was 10 ns. The rise
time of the pulse, which was dominated by the performance C. C
of the pulse generator/amplifier used, was measured directI)Vn_2 |
from an oscilloscope by estimating the total elapsed time for |
the pulse to rise from zero to its maximum height. The rise
time was found to vary down the buncher chain falling ap-
proximately linearly from 30 ns for the first electrode to
around 10 ns for electrode 33. Hulett al,?” who used a L cs L cs
device similar to the buncher described here as an ionic mas [
spectrometer, have found from both a theoretical approact
and direct measurement that the pulse rise time had ven
little influence upon the time focusing properties of their
device. This is probably because their voltage distribution
was still quadratic and therefore time focusiig:?’ despite @ -
the fact that the amplitude of the voltage pulse changed with
time. However, the situation here, with a variable rise time,
results in a more complex behavior and further discussion of T x
this can be found in Sec. II D. 05 Xxx, X7 X % x

The bunching was obtained by applying the pulsed volt-
age,Vy, to one end of the series capacitor chain, which was
then divided in a parabolic fashion by the chain. In order to
calculate the values of the capacitances to be inserted be
tween adjacent feedthrougkand hence electrodgghe in- 05 xx_ x
trinsic capacitance between each pair of electrodes had to b x Ty
measured, along with the capacitance of each electrode t
ground. (Although the electrodes were nominally the same (b} .1,-

size, small variations in mounting position and the dIStanC%G. 2. (a) Electrical circuit showing capacitances of the final two elements

of the gap bere_e_n them meant that t_he p_airwise Capackt the bunchefsee Eq(1) and accompanying discussiotb) The measured
tances were individually measured. Likewise, variationsdeviation from the ideal quadratic potential for the real buncher.
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n
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| |
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which would be measured at each electrode using a probe ¢ I T I
known input capacitance. Figure(l2 shows the voltage (a)

measured on each electrode expressed, for clarity in evalua
ing the accuracy of our method, in terms of the deviations
from the expected parabolic distribution. The agreement ob-.
tained is excellent, and is everywhere betweeh%, al-
though there is a systematic trend from negative to positive 0 : : :
passing along the buncher from the high to the low voltages. 0 50 100
The origin of this effect is not known. Buncher Repetition Rate (kHz)

ciency (%)
=
|
e
|

Effi

B. Tests using a continuous positron beam

A continuous positron beam was generated using a 1.t
GBq ?’Na radioactive source and a solid argon moder&ator.
The beam had a measured energy spread of around 5 eV arc
a similar mean energy, although the latter could be altered by {5
changingVy, the potential with respect to ground applied to
the vacuum chamber which housed the buncher. The posi
trons were confined by an axial magnetic field of around 5
mT and passed through the buncher, which was switched ol T T T T T
at various controlled frequencies. In these tests the last 1. %97 (c) ¢ ® 1
elements of the instrument were wired using a resistor chairg 200
and were dc biased. This provided a quadratic potential dis© ]
tribution across the last section of the buncher and, when th(*g 100 -
capacitor chain section of the instrument was off, returned 3 ° g
positrons back along the length of the device. As such, the® 0 e
active length was twice the physical length of the capacitor 166 1é7 1é8 1é9 1}0 1}1 172
chain section, or very nearly 1.4 m. If a positron was present Time (ns)
in the buncher when the pulse was applied it was ejected
from the instrument and detected using a ceratron electroRIG. 3. (a) Buncher efficiency vs repetition rate for a continuous positron
mulipir detecto(not shown n Fig. 1 T efficiencye of - SR Surcie Sheens o oiess s s g
bunching was_measure(_:l by US_'”9 standard tim{fgC/ sion, includir?g the significancé of thé fitted line) N?eagurgd timing reso-
MCA) electronics to register coincidences between the dewtion for a bunched positron bearvy(=1 kV).
tected positron and the trigger pulse for the buncher. The
efficiency was found by dividing the coincidence rate by the
incident positron flux with the buncher off. Using these constants, which yielded=15.3(1.6)% and £40.5 (1.3
means also allowed the timing resolution of the device to beV. The analytic expectation, using the effective buncher
determined. length of 1.4 m to evaluate the time of flight of the positrons

The efficiency of the buncher was expected to be then the bunchefwhich is proportional to 1¥,)Y?, whereV,
product of the time-of-flight of the positrons in the device, is the energy of the beam in the bunchisr15.9%)/(V,)*?,

t;, and the repetition rate of the pulse sequerige,since in excellent accord with the measurements. The fitted con-
the pulse occurs randomly with respect to the arrival times oktantb is also in good accord with the expectation that it
positrons in the buncher itself. The measured efficiency vershould be equal to the 35.2 V potential difference between
sus buncher repetition rate is shown in Figa)3A straight the moderator and the buncher chamber when grounded, plus
line fit to the data yields a value fof of 1.04+0.05us, and  the mean intrinsic energy of the positrons of 5.5 eV. The
thus a mean energy of the positrons in the buncher of 5.%ariations in the measured efficiency near the floating volt-
+0.5 eV. This is in accord with the expectations, since forage of 35 V probably reflect the changing nature of the sur-
this experiment the buncher chamber was floated to the sanface of the solid argon moderator during the period over
electrical potential as the moderator bias such that the poswhich the measurements were mddesimilar effect can be
tron beam would only have its mean intrinsic kinetic energyseen in Fig. 8)]. At this voltage the beam is at a low kinetic
once inside the device. energy inside the device and the efficiency will be very sen-

Figure 3b) shows a plot of the bunching efficiency sitive to surface changes which might alter the ejection en-
againstVy (which effectively fixes the beam energy in the ergy of the positrons.
bunchej at a constant buncher frequency of 67.6 kHz. The A measurement of the timing resolution taken at a value
measured efficiency rises steadily as the floating voltage isf the buncher pulse voltagé,= 1 kV is shown in Fig. &).
increased, except for the final point taken at around 38 V, byThe value for the full width at half maximurtFWHM) of
which time part of the beam is being retarded off by thethe distribution is approximately 1.2 ns, while a result of 2.0
application of the voltage. The rising portion of the data werens is obtained for the 10%—-90% width. An estimate of the
fitted to a function of the forma/(b—V;)Y? with aandb  expected resolution can be found by solving the equations of

ency (%)

T T T T
0 10 20 30 40

Buncher Floating Voltage, V, (V)
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85+ the pulse propagation delay has been forthcoming from

simulations of the buncher performance, as described in Sec.

. . . II D. However, there are further complexities associated with
. the temporal behavior of the electric field, and hence the
80 4 . acceleration of the positrons in the electrode structure, which
- must be taken into account. These include effects due to the

" finite propagation time of the pulse down the buncher and its

= rise time. Both of these effects were included in the trajec-

75 . tory simulations.

e’ Time of Flight (ns)

C. Tests using a pulsed positron beam

" . These tests were performed at the pulsed slow positron
02 03 04 05  os o7 o8 o8 10 facility which has been developed at the Institute for Storage
x,/1 Ring Facilities at AarhuglSA). An account of this facility
has been presented by Merrisenal.? including a brief re-

FIG. 4. Times-of-flight at various starting positions,, in the buncher as  port of their preliminary bunching experiments. Here we pro-
deduced from Eqg2) (filled squaresand(3) (filled circles, with the latter vide a more complete account of the work.

incorporating a simple time shift in an attempt to allow for the finite pulse . . .
propagation delay down the length of the instrument. In this 8458/, The beamline prOduced 700 ns wide bursts containing

—=200. around 30 000 positrons at a frequency of 12 Hz. These were
transported to the buncher at kinetic energies of 200 or 500
eV. At this facility it was necessary to use a tungsten foil to
create the low energy positrofisesulting in an intrinsic en-
ergy spread of around 3 eV. Since this spread is much less
{Ran the transport energy, the time structure of the pulse was
preserved at the input to the buncher. The output of the
t(Xo/l)=tan Y (Vy/Ve) ¥, /1} o, (2)  beamline and buncher was monitored at the exit of the
buncher using a channel electron multiplier ark@EMA)
detector. The output of this was 5Q coupled to a 1.5
lgBSs_l, 400 MHz bandwidth, oscilloscope, and the timing
resolution was estimated by examining the pulse shape di-
rectly on the oscilloscope. Note that in these tests the full
buncher was used such that the capacitor chain was extended

motion for particles in a quadratic potential, allowing for
their finite initial speed. The time taken for the positrons to
reach the end of the buncher once it has been switched on
given by

where w=(2eV,/m)Y1, x, is the starting position of the
positron from the end of the buncher, ah@ the physical
buncher length. Similar expressions can be found in the wor
of Hulett et al?” and Crane and Mill$3 Inserting values for
our case, and with\(,,/V,) =200, we find that the maximum
flight time is 79.2 ng(corresponding toy/l1=1) while the to cover all 47 elements.

minimum value is 70.8 ns fax,/I=0.3, the last portion of Figure 5 shows the output of the CEMA detector for four

the buncher which is pulsed on. Thus, the expected tim%if‘ferent operating conditions. For these experiments the
width (8.4 n9 is much broader than that measured. A poten- P 9 ) P

tial cause of this difference is the finite propagation time ofbeam was transported at 500 eV, while the buncher was
propag .floated at 495 V. The buncher pulse height was 750 V. Figure

the pulse down the capacitor chain. In the ideal case, i . R . :
which the positrons would be motionless in the bunche:%(a) shows the "background” registered by the CEMA with

(V.=0) when the voltage was applied, the time of flight the positron beam offwhich was due to electronic pickup

would reduce from Eq2) to /2w and the pulse propagation from th_e faC|I|ty mlcrotron_ and the bunchehile Fig. Sb)
. . .. is the signal with the positron beam on, but the buncher off.
time would only degrade the timing performance. In reality

the positrons are not stationary and those located in thgIgure %0) is *beam-plus-background” with the buncher on

and finally Fig. %d) is for the buncher on with the “back-
buncher at smaller values af/I are expected to reach the round” removed. The buncher has transformed the second
end of the buncher first. However, the pulse is applied first t(groad feature in F.ig ®) into the narrow spike seen in Figs
the electrode corresponding xg/I =1, and is delayed in its 5(c) and 5d) ' '
e.lpplica'Fion to elements further down the chain. Th.is creates a The timé width of this peak was measured directly as
time shift(delay on moving down the buncher, which in our outlined above for various operating conditions, and this was

case amounted to around 10 nsxpy| =0.3 (electrode 3R taken as a measure of the timing resolution of the instrument.

A modified expression for the times-of-flight is then given by : : - ) .
However, this could only yield an upper limit estimate, since
t(Xo/l)=tan Y{(Vy/Ve) Y% 1} @ the measured time width would also be affected by the de-
tector response, that of associated circuitry and that of the
+141=xo/1) (n9). ®) oscilloscope. Figure 6 shows data in which the timing re-
Figure 4 shows a plot of the expected times-of-flight atsponse was measured at various pulsing voltages. The mea-
various positions along the buncher and the effect of the timsured response falls wittl,, as expected from Ed2), and
shift introduced by the pulse propagation time. The timereaches a plateau, with a hint of a rise as the voltage ap-
width is shortened and is much closer to the measured valygroaches 800 V. As noted above, the values given for the
qguoted above. Supporting evidence for a beneficial effect ofiming resolution are upper limits and are much larger than
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-20 T T T T 1 FIG. 7. Simulated times-of-flight at various starting points in the buncher
o ] for V,= 1000 V andV.=0 and at selected values of pulse propagation delay
] (PPD and rise time(RT).
5
-0 . . .
] positron trajectories to be calculated for the real buncher
15 ] (d) (i.e., a system of discrete electroglesather than the ideal-
-20 ized parabolic potential, for a range of positron energies

_ within the instrument and for typical applied pulsed voltages.
Time (ps) Thus, the behavior of a beam of finite energy spread in the
FIG. 5. Timing output of a CEMA detector as recorded on an oscilloscopetrue buncher potential dIStrIb.utI'On could b.e eluqdated. I
for a bunched, pulsed low energy positron bedar:background with the ~ Should be n(_)ted that th? majority of'our 3|mU|§t|0'n5 were
beam off;(b) beam on, but the buncher off;) beam plus background with  performed without inclusion of the axial magnetic field and
the buncher on; an¢tl) buncher and beam on, but background removed. \yith positrons considered to be moving along the axis of the
hat found under simil giti tor th . b instrument. However, selected work with magnetic field in-
that found un \er simifar con |t|ons' or the corjtmuous _eamcorporated, and with off axis and angular motion included,
In the latter |_nstance single partlcl_e counting teChn'que§howed that these did not have major effects on the simu-
coul(;j be applied and a shorter active buncher length Waited performance of the buncher. These will be discussed as
used. appropriate. The positron times-of-flight were simulated to a
point 50 mm beyond the center of the last electrode, since

the detector was physically located at this point during the
The performance of the buncher was modelled using thexperiments.

D. Simulations

SIMION V7.0 ion optics simulation prograrf. This allowed Figure 7 shows the simulated times-of-flight versus start-
ing position in the buncher for positrons at rest avig
80 =1 kV for five different combinations of pulse propagation
delay and rise time. The simplest situation is the ideal case of
zero pulse propagation and rise times. For a continuous para-

604 bolic potential this situation should, according to Eg),
lead to a perfect time focus. It is expected that this would be
approached whekl,>V,., which may, for instance, be the
40 case for thermal positrons in an accumulator or trap-based
} beam?2 particularly if the length of the buncher occupied
by the trapped particles is much smaller tHarHowever,
20 4 } Fig. 7 shows that there are small ripples on the times-of-
flight which are due to deviations from the parabolic poten-
tial form caused by the discrete electrodes. In our case the
. . . ' ripples are 50—100 ps in height, leading to a corresponding
o 20 400 600 800 100 limit in timing resolution. This will be a general feature of all
Pulser Voltage (V) discrete electrode bunchers.
Figure 7 also shows the results of a simulation for the

FIG. 6. Measured time response of the bunched, pulsed positron beam ghme conditions\(,=1 kV, V,=0 eV), but now with the
various values oV, the pulser voltage. The uncertainties reflect the error b e ’

with which the positron pulse time width could be estimated from the os-'ncorp_Oration of the pulse ri;e time and the pulse propagation
cilloscope. delay incremented appropriately down the buncher. The ef-

Bunched Beam (FWHM) (ns)
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Xo/I FIG. 9. Simulated time-of-flight distribution of a positron beam with an

overall energy spread of 5 eV.
FIG. 8. Simulated times-of-flight at various starting points in the buncher

for V,=1000V andV,=5 eV and at selected values of PPD and RT. i i i
positron beam as described in Sec. Il B. Overall the features

. : . . _are similar to those shown in Fig. 7 fof,=0 eV. The case
fect of the addition of the pulse propagation with zero MIS€¢ . sero pulse probacation delay shows that. as expected
time is to broaden the distribution of flight times with, as P propag y . P '

expected, those nearest the exit of the buncher having t e05|tr0ns farthest from the exit of the buncher have the

. . o : : . .2 "longer times-of-flight; however, this situation is reversed
longest time-of-flight. The distribution of flight times is simi- . . .
lar to that predicted by the simple time-shift formii. (3) when the 10 ns propagation delay is added. Again, the effect

and Fig. 4, though there are important differences. For in_of the variable pulse rise time has a dramatic narrowing ef-

. fect on the distribution of flight times.
stance, the particles that start close to the entrance of the = _. . .
Simulations were performed in an attempt to model the

::)ur;c?r:artartrkl]ve er?rltlﬁr tha? ggplecr:]ed. -Ir;h'ts k']s Sausﬁd iby I}hgehavior of a beam with finite energy spread, similar to that
act that, thoug € potential may not have physicalye nived from the solid argon moderator f9f=1kV and

reached the electrode in which the positron is immersed, the. . 2
. . S with the variable pulse rise time and the 10 ns pulse propa-

particle begins to feel the electric field as the pulse propa- _.. . . . R
ation delay. For these simulations the axial magnetic field

gates towards it down the chain. This results in partlcleg ; .
: T : : as added and positron starting angles were chosen ran-
temporarily experiencing enhanced acceleration, and this ef; o )
. . : omly up to 30° with respect to the axis. The results are
fect is felt strongest where the applied potentials are largest.

Detailed comparisons of the speeds of the positrons, and thsehown In Fig. 9:in the form of a time-of-flight spectrum

. . ) : .—constructed from the individual times-of-flight of positrons
electric potentials and f|eld§ they eXperence on passiNguy, yinetic energies selected randomly across a Gaussian
QOwn the bunpher, ha_lve cor'n‘lr.med that this effect occurs an unction centered on 5 eV. From here the timing resolution of
is, together with the time shift imposed by the delay, responz. o main peak was found to be approximately 1.3 ns FWHM
sible for the form of the time-of-flight distribution. ' '

The effect of the variable rise time, for zero pulse propa-
gation delay, is also illustrated in Fig. 7. In this case, thoseih
particles nearest the entrance to the buncher have the Iong?g
times-of-flight since, as pointed out in Sec. Il A, the pulse
takes longer to rise to its maximum at highgr/l. The time
differences between this curve and that for zero propagatio

delay and rise time are approximately those due to the ris ns (unphysical in our caseand passes through a sub-ns

times at various¢y/I. It is notable that trends of the curves . . .
. . C o . minimum between delays of 10-14 ns before increasing
for pulse propagation delay without rise time and vice versa___. o . o . .
: again. This figure illustrates how critical this parameter is
are very nearly opposite to one another and when the twg .
nd that the excellent timing performance of the present

effects are combined into the simulation leads to a near fl . . . .
: . S . : o uncher, as described in Sec. Il B was partly fortuitous, since
time-of-flight distribution withx, /1 as illustrated in Fig. 7. . . .

the simulations wer@ posteriori

We have also simulated the effect of adding a constant pulse
rise time of 20 ngwith 10 ns pulse propagation dejagnd
found it merely to shift the times-of-flight by around half the
rise time. We have described a capacitance-coupled buncher ca-
Examples of the effects of initial positron motion in the pable of producing time focused positron beams. It can op-
buncher are given in Fig. 8 fo¥,=1kV and V,=5eV erate in the frequency range up to 100 kHz, and efficiencies
(with the motion in the direction of decreasing applied volt- of bunching of a continuous, radioactive source-based, beam
age. This corresponds closely to tests performed with the dén the region of 10% have been achieved. The timing reso-

in excellent accord with the measured value of 1.2 ns.
The sensitivity of the timing response of the buncher to
pulse propagation delay was also investigated. The simu-
ions here were fo¥,=1kV andV.=5eV (i.e., a single
beam energy including the variable pulse rise time. The
FWHM of the resultant timing distribution is plotted in Fig.
0. The simulated width falls from around 8 ns at a delay of

E. Discussion and applications
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FIG. 11. Side view of one of the plates of the magnetic sector analyzer and
FIG. 10. Values of the timing FWHM as the pulse propagation delay isits position relative a right-angle bend vacuum chamber. The dark circle
varied by simulation; see the text for details. represents the yoke on which the 97 turn coil was wound. The plates were
12 mm thick and 26 mm apart. The central line represents the central posi-
i . i tron trajectory.
lution of this 1 m long bunchefsee Sec. II B for a detailed
description was found to be less than 2 ns FWHM. The
reason for this was traced to the beneficial influence of th

propagation time of the voltage pulse down the capacito

éhe directions perpendicular to its propagation. This can be
pchieved by electrostatic focusing once the positrons have
chain and the pulse rise time. left the magnetic field used to transport along the buncher,

There are numerous applications of a buncher of the typg!though severe limitations are imposed if use is made of the
described above, both at continuous and pulsed positrofi"€ct output of the buncher due to the energy spread of the

sources. Some have already been realized, although mafya™

remain for the future. The bunched beam can be used to

create a well-defined burst of positronium atoms which canj. THE MAGNETIC SECTOR FIELD MOMENTUM

then interact with a laser beam. Positronium spectroSANALYZER

copyt’*8is an underdeveloped field and studies of positro- .

nium states with principal quantum numbers greater than tw@" Apparatus details

appear to be worthwhile, including further work on so-called  Figure 11 shows a schematic illustration of the magnetic
Rydberg stated! This could lead to advances in laser cooling sector field analyzetMSFA). The device was simply con-

of positronium®? Mach—Zehnder-type experiments on posi- structed from two soft iron pole pieces and a magnetizing
tronium also seem feasibife** as do studies of above thresh- coil of 97 turns which was wound on a cylindrical yoke 3 cm
old ionization of this unique speciésA bunched beam can in diameter and 3.5 cm long. The entire unit was arranged on
also be used to form positronium atoms in vacuum such thate outside of a vacuum chamber in which a simple positron
the intrinsic lifetime of the triplet ground state can be mea-extraction and electrostatic lens system was housed. The
sured accurately. The controversy between theory and exnagnetic field was perpendicular to the positron trajectories.
periment, and between various experiments, over this parami-he primary purpose of the analyzer was to deflect the low
eter has been well document®d?® and a measurement energy positronganticlockwise through an angle of 90° to
using a different technique would be worthwhile. remove them from other, heavier, positively charged particles

A buncher may be used to inject positrons into an anti-which were transported through the electrostatic sy<tsee
proton trap in an effort to promote low energy antihydrogenSec. Il . The magnet was slid over a flattened beam pipe
formation?~#? At Aarhus, the buncher has been used in aand clamped into position. Magnetic fields up to approxi-
separate experiment to inject positron pulses from the mimately 5 mT could be generated by passing a current of
crotron beam into a 3 T magnetic field containing a Penningaround 3 A through the coil. Compensation for the Earth’s
trap. Stacking of up to 15 slow positron pulses has beemagnetic field was achieved using auxiliary pairs of large
observed. Helmholtz coils.

We note that there are some instances when the time The analyzer was tested using a positron beam generated
focusing device described here cannot be used without thieom a low activity >Na radioactive source together with a
inclusion of a positron remoderatdbearing in mind the moderator made from overlapping annealed tungsten
energy spread imparted to the positrons by the bunching proneshes. The moderator could be biased at voltages up to 1
cess. Firstly, if a monoenergetic timed positron beam is rekV with respect to the vacuum chamber, thus setting the
quired, for instance for positron/positronium scatteringenergy of the beam. The beam was transported to the ana-
studies’® then the extra stage is required. This is also true iflyzer (and hence the L-shaped vacuum pipsing a three-
the final positron beam is required to be spatially focused irelement einzel lenésee Fig. 1L The beam was detected us-
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FIG. 12. Position and width of the peak as the low energy positron beam

was swept across the position sensitive detector by the application of &IG. 13. The positional readout performance of the sector analyzer at four
magnetic field to the sector analyzer. One channel corresponds to a distangeam energies and a fixed magnetic field of approximately 0.5(@Y, 480
of approximately 0.42 mm. eV, (A), 520 eV;(X), 560 eV;(+), 600 eV].

ing @ 25 mm diam CEMA counter which was position anq 600 eV it was swept across the face of the detector and
sensitive in one dimension. The detector was arranged sUcfhecira were taken showing the response of the system. At
that the axis of position sensitivity coincided with t_he axiS gach kinetic energy the einzel lens voltage was changed to
through which the beam would be swept by the applied magmaximize the beam intensity on the detectétowever, it
netic field. Two outputs from the CEMA were used {0 gen-\ a5 found empirically that optimum focusing and transmis-
erate the positional data and each was fed through an amplony did not always occur at the same einzel lens voltage.
fication system, via crossover pickup units, to generat§)ore particularly, peak transmission occurred at an einzel
timing information and then into a time-to-amplitude con-ens yoltage typically 200-200 V lower than that which pro-
verter. The output of this device was displayed on a multi-q,ceq the best resolutionAs the energy of the beam was
channel analyzer, from which the position of the peak and it§ajsed, the width of the peak increased. This is similar to the
width (which corresponded to the position at which the beamy,qeyation concerning Fig. 12 and relates to the combina-
struck the detector and the physical diameter of the beam gy of conditions pertaining to each run. It is also noticeable
the detector, respectivelyvere read directly. that the peaks, although having relatively narrow FWHM
(particularly those for 480 and 520 ¢\each have broad
B. Tests of performance pedestals, which may be asymmetric. This is probably a re-

Figure 12 shows the position of the peak and its Widthsult of the relatively large emitting diameter of the positron

(in channels, the conversion factor into units of mm is giveanderator’ which was estimated to be around 5 mm.
in the figure captionat a fixed beam energy of 1000 eV for
various magnetic field settings. Note that the beam wa
swept across the entire face of the detector as the field wa
changed by only of the order of 16T, at a field of around In the above subsections we have described the opera-
10 3T. These data were taken with the central element ofion of a MSFA as a momentum selector for a low energy
the einzel lens set te-2.5 kV (the two outer elements were positron beam. The device has some important advantages
groundedl. The best focus of the beam obtained was a widthvhen used as a filter to separate positrons from other species,
of about seven channels, or approximately 3 mm, when theoth charged and neutral, which may be traveling along a
position of the peak was towards the lower channel numberc&ommon axis with the positrons. First, the instrument is
This corresponded to deflection of the beam through an angl&imple to construct and easy to implement. The entire device
of greater than 90° which meant that, for the particular concan be located on the outside of a stainless steel vacuum
ditions under which these data were taken, the optimum foehamber used to transport the beam; a significant simplifica-
cus was to one side of the detector. The measured widttion over the usual electrostatic beam deflectdfs?®It can
increased steadily as the beam was swept across the detecher used as part of a compact beam transport system such
through the 90° deflection angle point. However, it was athat, for instance, positrons can be readily removed from
relatively simple matter to change parametéizel lens line-of-sight with the radioactive source used to produce the
voltage and magnetic fieldlightly to achieve the optimum beam. The MSFA can be compatible with, as was done in the
focus in the center of the detector. work reported here, auxiliary electrostatic lens systems. Sec-
The performance of the system at fixed magnetic field isond, we note that the device is suited for use with positrons
shown in Fig. 13. As the energy of the beam was vat®d of keV-type energies, since the magnetic fields involved are
changing the voltage applied to the moderatmetween 480 still easily manageable; i.e., of the 1-10 mT. Here it has

. Discussion and applications
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