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ﬂ Abstract
(@)

N A multi-detector array has been designed and constructdddésimultaneous measurement of energy- and angulalatore
Eof electron-positron pairs. Experimental results are ioethover a wide angular range for high-energy transitiot8®, *°C and
<E 8Be. A comparison with GEANT simulations demonstrates tingiudar correlations between 50 and 180 degrees of thepairs

in the energy range between 6 and 18 MeV can be determineduiibient resolution andf@ciency.

N Keywords: electron-positron pair spectrometer, internal pair cosie®, multipolarity determination, anomalous angular
——correlation infBe
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—L 1. Introduction The multidetector array is also designed to search for devi-
ations from IPC due to the creation and subsequent decay into
electron-positron pairs of a hypothetical short-lived tnglbo-

son. Recent results from both underground and cosmic ray ex-
periments suggest that dark matter may be explained by & ligh
boson having a mass of 10 MeV - 10 GeV and coupled to elec-
trons and positrons. There have been several attempts to ob-
serve evidence for such particles, using data from runrang f

— ' Spectroscopy of internal pair conversion (IPC) has a loag tr
C dition [1,[2]. In a wide range of energies and atomic numbers
the conversion cdicient for internal electron-positron pair
formation are fairly high, typically in the order of 161073
~ [3]. The measurement of these @dgients dfers an fective
O) method for determining the multipolarity of electromadoet
o0 trans?t?ons (especially of high-energy and low-multipdia cilities [8-+15] or re-analyzing old experiments [16-20jn&
<I' transitions) [4]3 . ) ) _ no evidence for their existence was found, limits on its dioigp
The determination of the multipolarity of the high-energy y, orqinary matter were set as a function of its mass. In tiae ne
= transitions produced after particle capture reactionshtil®  fy,,re new experiments are expected to extend those limits
< especially important for nuclear astrophysics to gain @eep- 1e4ion of couplings aridr masses so far unexplored. It is not
O derstanding of the dy_namics of ca_lpture processes Ie_adiag towidely known, but indications were found for the existente o
LO more accurate and reliable extraction of the astrophySiéat- such a light boson also in some nuclear physics experiments.

<1 tor and the thermonuclear reactivily L5, 6] While anomaly was observed in the internal pair production,

In many light nuclei, the cross section for the radiative-Cap e gyerall results were not consistent with the involvetugn
=~ ture of protons, neutrons, deuterons angarticles has been . o tral bosor [21. 22 24]. A limit of 4.1x10* was ob-

>§ observed to cons_ist ofa ba_ckground slowly varying yvith beamained for the boson'tp-
(G energy, upon which the various known resonances in the reac-

tion are superposed. This smooth background, which is impor

tant for nuclear astrophysics, has been identified as aa-extr

nuclear channel phenomenon, since the process takes ptace $. |nternal Pair Creation (IPC)

from the nucleus (40-50 fm) rather than in the nuclear ioteri

[7]. This has been designated as direct capture (singpg-se

action. The direct capture process represents a tranfitidime Quantum electrodynamics (QED) predictsi[1, 2] that the an-

projectile from an initial continuum state to a final state - gular correlation between thées pairs (emitted in IPC) peaks

teraction with the electromagnetic field. Usually, ithasrarsy  at ¢ and drops rapidly with the correlation angi®)(as shown
E1 component but other multipolarities can also contribBt®.  in Fig.[.

ray branching ratio [21-25].

the extraction and extrapolation of the astrophysggctor, it The above calculations show that the angular correlations a
is important to know the multipole composition of such back-gmna| separation angles are almost independent of thepoulti
ground radiations [3, 6]. larity of the radiation, whereas at large separation angesy
depend critically upon the multipole order. Thus, it is imjaot
Email address: kraszna@atomki.hu (A.J. Krasznahorkay) to measure angular correlatiorfi@ently at large angles.
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The next generation of internal-pair spectrometers used tw

104 dE/dx + E scintillator-detector telescopes for the detection of
: the electron-positron pairs in quadruple coincidence32]., A

multi-detector (six scintillation electron telescopessphn an-
nular Si(Li) particle detector) highfigciency pair spectrometer
was built by Birk and co-workers [33]. An experimental pair-
line efficiency of 28% and a sum-peak energy resolution of 12%
for the 6.05 MeV EO pair line iA®0O were achieved.

IPCC

10

Schumann and Waldschmidt have detected internal pair spec-
tra in the energy range of 2.8-6.5 MeV from amynreaction
with a combination super-conducting solenoid transpqries
Si(Li)-detector spectrometer [34]. The pair-linfiieiency of
the spectrometer [35] was large, but it had a very limited dis
crimination power for dierent multipolarities in this energy re-
gion.
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PR SR SIS RPN PP I S U B The Debrecen superconducting solenoid transporter plus
0 20 40 60 80 100 120 140 1€0 180 two-Si(Li)-detector electron spectrometer was also asthfiir
© (degree) p
internal-pair studies [36]. The observed pair-linicgency
. Pt o
Figure 1: Calculated angular correlations 6&e pairs obtained from IPC for for.two detectors operat_ed In sum %OmCIdence mo.de_was 35%,
different multipolarities and a transition energy gER7 MeV. while the energy resolution was 0.6% at 2 MeV. A similar spec-
trometer built by Kibédi and co-workels [37] and has beestus
recently for internal pair studies [38].
3. Thetwo-body decay of a boson ) ] ) o
A highly segmented phoswich array of plastic scintillators
When a nuclear transition occurs by emission of a shortilive Was constructed for measurements oeepairs emitted in
(r < 1013 5) neutral particle, the annihilation into ahes pair ~ Nigh-energy electromagnetic transitions in nuclei by Myat
is anti-parallel (i.e.0qn =18C) in the center of mass system. and co-workers [39]. Electron (positron) energies of 2-36WM
In the laboratory system, their angular distribution iskezh ~Can be measured by each individual element, with a totasiran
(A® < 10°) at intermediate angles due to the Lorentz boost andOn €nergy resolutlo? ofE/E = 13% for a 20 MeV transition.
provides an unique signature for the existence and a mefasure 1 Ne aorray covers 29% of the full solid angle and gﬁoaaency
the mass of an intermediate boson. In order to search for sudf 1-6% for a 6 MeVEQ internal pair decay, and 1.1% for an 18

an anomaly in the angular correlation, we need a spectrometd€V E1 transition.

with sufficient angular resolution. _ , A positron-electron pair spectroscopy instrument (PEPSI)
The invariant mass can be determined approximately fron,,5 designed to measure transitions in the energy regiod-of 1

the relative angl® between € and € and from their energies 4q pev by Buda and co-workers [40]. It consists of Fe.4B

in the following way[22]: permanent magnets forming a compactvagnetic filter con-

sisting of 12 positron and 20 electron mini-orange-likecspe

trometers.

nm? ~ (1 - y?)E2sink(©/2), (1)

whereE = E* + E~ + 1.022 MeV is the transition energy and A AE - E multi-detector array was constructed by Stiebing
y = (E* — ET)/(E* + E7), with E*) indicating the kinetic and co-workers [41] from plastic scintillators for the siltau
energy of the positron (electron) in the laboratory system. neous measurement of energy and angular correlatioheof e
pairs produced in internal pair conversion (IPC) of nucteam-
_ ) sitions up to 18 MeV. The array was designed to search for de-
4. Overview of pair spectrometers viations from IPC stemming from the creation and subsequent

decay into &e™ pairs of a hypothetical short-lived neutral bo-

Magneticg ray spectrometers were used first for internal pairgoy The angular resolution of the spectrometer deterntiged
formation studies| [26—30]. Maximal detectiofffieiency of

. . . c ) the solid angle of the telescopes ws® = 15°, while the dfi-
10 for eIeE:tron—posnron pair detectlorj was achleved _for afeWciency for one pair of telescopes:3 x 10-5. The investigated
cases|[28, 30]. Improvement of the pair resolu_tlon by IMBFOV angular range was extended fron? 20 137
ment of the momentum resolution (to 1.3%) with smaller parti
cle transmission reduced thiiieiency to 5x10°. Animportant In this paper, we present a noveles pair spectrometer
advancel[29] in the use of intermediate-image pair spe@rom equipped with multi-wire proportional chambers and large v
ter was provided by the installation of a specially desigegiel  ume plastic scintillator telescopes having remarkablyaigef-
ral baffle system which selected electron-positron internal pairéiciency and better angular resolution than previously iole
emitted at large relative angles (58 0 < 90°). by Stiebing and co-workers [41].



. .
5. Monte-Carlo simulations

Monte Carlo (MC) simulations of the experiment were per-
formed using the GEANTS3 code in order to determine the de-
tector response function. Forffirent transition energy and
multipolarity a lookup table is created for electron an posi
energies and correlation angle using the Rose calculafi#ins
The first electrons (or positrons) are generated isotrtipica
with ¢¢ random between 0 andrandé, as a sine distribution,
and the second particles with relative angleendéd, with 6 ac-
cording to the lookup table. Isotropic emission of pairs iglou
also result in a sine distribution for the relative angheshe
so-called correlation angle.

Also boson decays can be generated as well as gamma ray
coincidences. The electrons and positrons are followeditiir
the setup and the detected energy losses are stored, mgludi
detection of annihilation radiation from the stopped posis.
The energy loss steps are small until a final energy of 90 keV.

—~ 25 |
The simulated events are stored in a similar way as the mea- & '
surements, but now as precise deposited energies andpasiti % 225 3
inside the wire chambers and including the generated electr g 2r
and positron energies and correlation angles. L
15 —
6. The spectrometer 125 b
. _ . 1F
Plastic scintillator detectors combine reasonable eneggty ;
olution with minimum response tg radiation and with excel- 075
lent characteristics for fast, sub-nanosecond coincigeléima- 05 [
ing, which is crucial for good background reduction. Thus, 025 3
we use plastidE-E detector telescopes for the detection of the T
e*e". In contrast to Ref| [41], very thinE detectors (5852x1 020 ~20 760 80 100 120 140 160 180
mm°) were chosen that gives a remarkably improyedup- © (deg)

pression. Thé detectors have similar dimensions (&Dx70
mm?) as in Ref.[41]. The spectrometer setup is shown in[Big. ZFigure 2: (top) Initial arrangement with six telescopes émattom) detection
with six scintillation detector telescopes and six positign- [ PoToe 8 t?Of:QCt'O” of the correlation angle betweert #epairs in Monte
sitive gaseous detectors at 60 degrees relative to thajhnei '
bors surrounding the target inside the carbon fiber beam pipe
The response of the detector set-up as a function of correldnm from each other. The two cathodes are composed of silver-
tion angle theta for isotropic emission ofe- pairs is shown plated copper wires having a diameter of 0.1 mm and separated
in Fig. 2 (bottom). A detector with@solid angle acceptance by 1.27 mm. The anode-cathode distance is 3.5 mm. The two
would show a sine distribution and the simulated curve withcathodes are placed perpendicularly to each other givieg th
three sharp peaks can be understood as the limited phase spagdy coordinates of the hit. Delay-line read-out (10taps) is
with only detector combinations at 60, 120, and 180 degreessed for the cathode wires. Ar(80%30,(20%) counting gas
with an angular range in a single detector of about 40 degreewas flowing across the detector volume at atmospheric pres-
Another setup with five telescopes will be also describeth wit sure. The accuracy of the, ) coordinates implies an angular
a smoother acceptance for the angular correlation of tee e resolution ofA® = 2° (FWHM) in the 40-180 range, which is
pairs. approximately five times better than in Ref.|[41]. THiaency

y rays were detected by a Ge clover detector at a distance 6f the MWPC detectors was estimated to be 80%.
25 cm from the target behind the Faraday-cup. The detector ha
an active volume of 470 cfrand it is also equipped with a BGO 6.1. Beamand Target
anti-coincidence shield [42]. To minimize the amount of material around the target, a 24

The positions of the hits are measured by multiwire proporcm long electrically conducting carbon fiber tube with a ra-
tional counters (MWPC) which was constructed at ATOMKI dius of 3.5 cm and a wall thickness of 0.8 mm is used. The
based on the concept of Ref. [43] and placed in front of thearget, positioned perpendicular to the beam, is mountea on
AE andE detectors. The anode of the MWPC is a set of partarget holder supported from the back by two perspex rods of
allel 10um thick gold-plated tungsten wires at a distance of 23 mm diameter. The original 0.5 mm thick Al target holders
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with 10 mm inner diameter opening were replaced when dathased on the comparison of the measured and simulated energy
showed shadowing due to scattering in the aluminum sides.THoss distributions of the strong 6.05 MeBO transition in'®0.
GEANT simulations confirmed this shadowing and also someAn example of such a measurement is shown in[Rig. 3.
background via external pair production. To avoid this,tdre

gets were evaporated onto 10-micron thick, 50-mm long and
5 mm wide Al strips, which was stretched between two 3-mm
thick Plexiglas rods. The rods are arranged parallel to dzerb

and their distance from the beam was 25 mm. On the basis of
simulations, they did not cause significant background xia e
ternal electron-positron conversion. The bars were 12eerg,|

and the placement was done so as not to cause any shadowing
effects in any of the telescopes. The targets have a typic#étthic
ness of 0.3 m@n?, which is adapted to the resonance width of
the reaction under investigation as well as to the demand of a I
sufficient real-to-random ratio of coincidences. The beam is 4000 -
absorbed in a Tantalum Faraday-cup 15 cm behind the target.

x10 t -
| "Li(p.e'e)’Be
10000 E,=441 keV

Counts/channel

8000 -

6000 -

160
%Be 14.6 MeV
%Be17.6 MeV

2000 [
6.2. Trigger for data readout and data-acquisition [

The signals from the photomultipliers of tid=-E detectors N - R R T T T T
are processed in constant fraction discriminator unitS3(IP). Eqm (MeV)
The CFD thresholds are adjusted slightly above the nois# lev
of the AE detectors (which are essentially insensitive/taay  Figure 3: Total energy spectrum, reconstructed from the snengy deposited
events) and a bit higher for the detectors. Chance events in the scintillators, the undetepted_energy loss and thesoBhe ee™ pairs,
from double (or multiple) hits byy rays in theE detectors ~Produced at=0.441 MeV using Lik targets.
are suppressed by requiringA&-E coincidence. The result-
ing telescope signals are analyzed by a logical unit rengiri
multiplicity-2 coincidences. In order to allow the simuitous ~ 6.4. Efficiency calibration of the spectrometer
measurement of single telescope events, the trigger maslule
set to allow a scaled-down fraction of single telescope &ven
as well. Time and energy signals of the-E detectors as well
as the time signals (Up, Down, Left, Right) of the MWPC de
tector are recorded. The spectra of single telescope esents
used for on-line monitoring of thefléciencies and an approx-
imate energy calibration of thE detectors. Especially for the
AE detectors with their low CFD thresholds this on-line sur-
vey is important. In the @-line analysis these spectra provide a
reliable way to determine the telescopBaencies.

It was crucial for the precise angular correlation measure-
ments to measure and understand the response to isottepic e
pairs of the whole detector system as a function of the carrel
“tion angle. We were aiming at a precision of about 1% for the
shape of the response function.

The detectors measure continuotis'espectra and the sum
of the energies are constructefi-iine. Due to the energy loss
in the wall of the chamber and in tiad= detectors, as well as the
finite thresholds of the discriminators (CFD), the low-aper
part of the spectrum is always cut out. Thresholds shoul@be s
equally to have similarféciencies for the dierent telescopes.
After a proper energy calibration of the telescopes, it warsed

The energy calibration of the telescopes for low energies waby software cuts. The response of the MWPC detectors depends
made with the Compton edges of%Co source, while at high slightly on the position of the hit, the energy of the pagiahd
energies we used the Compton edges of high engrggnsi-  might slowly change also in time.
tions coming from proton capture reactions. The high energy The response curve depends primarily on the geometrical ar-
edges of the singles electron spectfiz®d also good calibra- rangement of the detector telescopes. As shown inFig. 2, ini
tion points, which was used for on-line gain monitoring andtially we used six equivalent telescopes placed symméirica
corrections as well. It was possible to correct the gaintshif around the target. However, due to the six-fold rotatiogeal-s
with a precision of about 1%, well below the energy resolutio metry of the spectrometer and the finite solid angle of thedet
of the detectors. Finally, the sum energy spectra was cldeckdors, the response varied drastically as a function of thestzs
for the 6.05-MeV transition if®0 excited in the'F(pa)'®0  tion angle. Moreover, at the minima of the curve, the edge ef-
reaction, the 4.44-MeV and 15.1-MeV transitions*fi€ ex-  fects of the detectors dominated, which made the resportse va
cited in the'B(p,y)*?C reaction and the 17.6 MeV line iBe  ues under-defined. Thus, it was advantageous to break the ro-
excited in the/Li(p,y)®Be reaction. tational symmetry to make the response curve smoothereSinc

The energy threshold settings of the detectors were found we also had to increase the response around 90 degrees, we set
to be also very important. We had to make sure that we arthe geometry of the setup as shown in Eig. 4.
not cutting too much from the low-energy part of the energy- Beside the €e™ coincidences, the down-scaled single elec-
loss distributions. The energy calibration of those deteavas  tron events AE — E coincidences) were also collected during

4

6.3. Energy calibration of the spectrometer
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Figure 4: Final schematic arrangement with five telescopéstiect &e- pairs.

the whole experiment for making experimental energy and re- L E,=L10MeV
sponse calibrations. An event mixing method [44] was used Sal
to determine experimentally the relative response of tlee-sp
trometer as a function of the correlation angle. Accordimg t
the method, uncorrelated lepton pairs were generated fubm s

sequent single events and their correlation angle waslesdcl

as for the coincident events. The resulted angular coivelat
for the uncorrelated events gave us the experimental regpon
curve. Reasonably good agreement was obtained with the re-

sults of the MC simulations as presented in Eig. 5.
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Figure 5: Detector response for the five-telescope setupfascéion of cor-
relation angle ) for isotropic emission of &~ pairs (curve) in Monte Carlo
simulations and (data points) from experimental data atgd in the text.

the wall of the carbon fiber vacuum chamber, and in the wire
chamber windows takes place. This gives rise to an angular
spread of the reconstructed angular correlation.

The simulated angular resolution corresponds to FWA N
degrees. We use bins of 10 degrees in the correlation spectra

The shape of the coincidence response curve depends also
on position of the beam spot, which may walk during a long
experiment. However, using the above event mixing method,
this dfect can be compensated, so the extracted angular corre-
lation will be independent of small variations in the bearatsp
position.

In order to check the experimentally determined response
curve with data, the angular correlation of thieee pairs cre-
ated in the 6.05 Me\EO transition was measured and corrected
by the response curve determined in the same experiment. As
shown in Fig[® very good agreement has been obtained with
the theoretically predicteHO angular correlation.

IPCC

®E(p,a e'e)*®0

PRI (U SRS (U S [ S S SR S
008 &5 80 00 120 140 160
O (deg)

Figure 6: Angular correlation of the*ee™ pairs that originated from thtfO
6.05 MeV EO transition excited in thd°F(p)1°0 reaction at 5=1.10 MeV
compared with the MC simulation assuming p&@transition.

6.5. Background by cosmic muons

Cosmic muons going through the spectrometer produce coin-
cidences between theE — E telescopes and the MWPC detec-
tors, similarly to ée™ pairs. We measure low coincidence rates,
especially at large separation angles, so tfiece of travers-
ing cosmic rays has to be considered. Background measure-
ments have been performed before and after the experiments
with the settings (gates, thresholds, etc.) of the in-beaa-m
surement, and the angular correlation of the backgrounatgve
were subtracted with a weighting factor. This factor wasdet
mined by comparing the high energy pam > 20 MeV) of

When electrons from the target pass through the set-up tthe sum energy spectra measured in-beam #rbleam, which

the wire chambers multiple scattering in the target holiter,

contained only cosmic events in both cases.



7. Measured pure E1 and M1 transitions

However, it can be explained by the creation and decay of a

light (myc®= 16.7 MeV) isoscalard= 1* boson|[45].

To demonstrate the reliability of the spectrometer, we save
tigated a pureE1 transition in*?C and and a purd/1 transi-

tion in 8Be as well. The'?C resonance at 17.2 MeV with a 9 Acknowledgements

width T=1.15 MeV is populated in th&B(p,y)*?C reaction at
1.6 MeV bombarding energy. It decays by isovedidrtran-
sitions to the ground state and first excited state with eegrg
of 17.2 and 12.8 MeV. ThéBe resonance at 17.6 MeV with
I'=11 keV is populated in théLi(p,y)®Be reaction at 441 keV
proton bombarding energy. It decays to the ground statetend t
particle-unstable first excited stafe{1.5 MeV) with 17.6 and
14.6 MeV isovectoM1 transitions.

Figure[T shows the angular correlations for the abdieand
E1 transitions compared with the simulated full curves which
confirms the reliability of our setup. We have not observed si
nificant anomaly for the 17.6 MeV isovectdtl transition in
8Be reported earlier [21].

We are deeply indebted to Fokke W. N. de Boer, who pro-
posed to search for a short-lieved neutral boson in ATOMKI
already in 2000. Together with him we performed many chal-
lenging experiment in Debrecen. Fokke sadly passed away in
2010. This paper is dedicated to his memory. We are indebted
also to Kurt Stiebing for making his spectrometer availdble
our early experiments. This work has been supported by the
Hungarian OTKA Foundation No. K106035, by the European
Community FP7 - Capacities, contract ENSAR262010 and
by the European Union and the State of Hungary, co-financed
by the European Social Fund in the framework &AMOP-
4.2.4.A2-11/1-2012-0001 National Excellence Program.
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