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Abstract

A detector has been designed and built to assist in-beam y-ray spectroscopy with fusion—evaporation reactions. It measures with high
efficiency the evaporation residues that recoil out of a thin target into the angular interval from 1.8° to 9.0° at an adjustable distance of
1000-1350 mm from a target, in coincidence with y-rays detected in a Ge-detector array. This permits filtering of such y-rays out of a
much stronger background of other reaction products and scattered beam. Evaporation residues are identified by their time-of-flight and
the pulse height using a pulsed beam. The velocity vector of the y-emitting recoil is also measured in the event-by-event mode, facilitating
to correct the registered y-ray energy for the Doppler shift, with the resulting significant improvement of the energy resolution. The
heavy-ion detection scheme uses emission of secondary electrons caused by the recoiling ions when hitting a thin foil. These electrons are
then electrostatically accelerated and focused onto a small scintillator that measures the summed electron energy, which is proportional
to the number of electrons. The detector is able to operate at high frequency of the order of 1 MHz and detect very heavy nuclei with as
low kinetic energy as 5 MeV. The paper describes the properties of the detector and gives examples of measurements with the OSIRIS,
GAREL+ and EUROBALL 1V y-ray spectrometers. The usefulness of the technique for spectroscopic investigations of nuclei with a
continuous beam is also discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In-beam vy-ray spectroscopy with fusion—evaporation
reactions using light and heavy ions is one of the major
tools in nuclear structure research. At bombarding energies
not too far above the Coulomb barrier, fusion—evaporation
reactions are usually dominant with a cross-section of
about 0.1-1b. Often also a single nucleus is populated
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preferentially, and the y-ray spectrum is then rather simple
and easily interpreted. In these cases it is sufficient to
measure only y-spectra, usually multiple y—y coincidences.
This changes, however, if one wants to study heavy nuclei,
roughly beyond Pb; then the compound nucleus mostly
undergoes fission, while particle evaporation leading to the
nuclei of interest becomes weak. There are also regimes in
which deep-inelastic reactions or Coulomb excitation
dominate. In a situation like this, a positive identification
and selection of the vy-rays from the rare wanted
fusion—evaporation events is essential. Another frequent
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problem appears in thin target experiments, in which the
v-rays are emitted from the nuclei in flight and are
therefore Doppler shifted. This is often the dominant
contribution to the vy-ray energy resolution in light
nuclei and might be as bad as to prevent a meaningful
measurement. If, however, the velocity vector of the emi-
tting nucleus is measured, the Doppler shift can be calcu-
lated and corrected precisely, overcoming this difficulty.

Therefore, a high-efficiency detector for evaporation
residues, the Recoil Filter Detector (RFD), has been
designed and built. Emission of secondary electrons
induced by recoiling ions hitting a thin foil is used in the
detection scheme. The emitted electrons are then acceler-
ated and focused by electrostatic lenses onto a thin plastic
scintillator providing a signal proportional to the number
of the electrons. RFD distinguishes evaporation residues
from other reaction products by their time-of-flight (ToF)
and the pulse height, while it does not identify the element
or nuclear mass. It measures also the velocity vector of the
v-ray emitting nucleus. Therefore, the Doppler shift of
the y-rays can be corrected individually for each event with
the resulting significant improvement in resolution. Limit-
ing the goals to these two points, namely filtering y-rays
from evaporation residues and measuring the velocity
vector of the emitting nucleus, nonetheless, makes RFD a
highly efficient tool for y-ray spectroscopy investigations.

Mainly two other types of instruments have been used in
spectroscopic studies with similar goals. The recoil mass
spectrometers, such as the Fragment Mass Analyzer
(FMA) [1] and the Recoil Mass Separator (RMS) [2], of
dimensions of about 10m, use big magnets and high
electric fields to separate evaporation residues from the
beam and to determine their masses precisely. However,
their angular acceptance is small, resulting in low detection
efficiency. Mass separators with gas filled magnets, like the
Recoil Ton Transport Unit (RITU) [3], are used to detect
evaporation residues with much higher detection efficiency,
but without mass identification. Although the magnet has
to be close to the target obstructing the space for forward
detectors of the y-ray detector array, the possibility of
recoil-decay tagging makes this device best suited for
investigation of exotic nuclei produced with extremely low
cross-sections. However, this type of spectrometers is not
able to provide information about ion tracks through
active optic elements and, therefore, the Doppler correc-
tion in coincident y-ray spectrum is not possible.

The use of the entrance and focal plane detectors,
providing the position, time and energy signals in the
Variable Mode High Acceptance Spectrometer (VAMOS)
[4] at GANIL and in the PRISMA spectrometer [5] at
LNL, allows for reconstruction of the ion trajectories.
Time-of-flight information together with ion tracking is
used to determine the velocity vector of ions, allowing for
Doppler correction for coincident y-rays on an event-by-
event basis. However, VAMOS is primarily intended to be
used to study proton-reach and transuranic nuclei with the
SPIRAL low-intensity secondary beams. The PRISMA

spectrometer is dedicated to investigate nuclei produced in
multinucleon transfer, deep inelastic and fusion—fission
reactions with stable and exotic beams.

Recently, another high-efficiency detector of evaporation
residues, named HERCULES [6], has been built and used
in in-beam experiments with the GAMMASPHERE
v-ray spectrometer. The HERCULES detector follows in
much the principles of RFD in separation of evaporation
residues by time-of-flight technique and pulse-height
analysis. The main difference to RFD is that the evapo-
ration residues are detected directly by thin fast plastic
scintillators. HERCULES is anticipated to be used in y-ray
spectroscopic investigations of trans-lead nuclei.

RFD is intended to be used only in conjunction with
v-ray spectrometers. The first version has been built for the
OSIRIS spectrometer [7] at HMI in Berlin. The second one
has been designed for the GAREL + project [8] and then
for the EUROBALL phase IV Ge-detector array at IReS
in Strasbourg [9]. Section 2 presents the conceptual and
overall design of RFD, and in Section 3 its main parts are
treated in more detail. Section 4 gives the measured
properties and performance of RFD in actual experiments
with pulsed and continuous beams. They are followed by a
summary, comparison with other detectors and an outlook
on possible applications, in Section 5.

2. Conceptual design

The heavy-ion beam hits a thin target and causes nuclear
reactions. The target is surrounded by a y-ray detector
array that measures the y-radiation emitted from the
reaction products. The nuclei that are produced in a
fusion—evaporation reaction—the evaporation residues—
have on the average the momentum of the beam particles.
They, therefore, fly out of the thin target into a relatively
narrow cone. The recoil due to evaporated particles and
multiple scattering of the nuclei in the target determine the
width of that cone. RFD detects the evaporation residues
and thus provides signals that they have occurred. The
principle difficulty of this scheme is that also the beam
passing through the target with a particle flux that is many
orders of magnitude more intense than that of evaporation
residues would completely block any usual detector placed
close to the beam axis, as a typical beam current for these
experiments is 10'° particles/s, while the goal is to measure
events down to a production rate of 10evaporation
residues/s. Thus, the angular range of scattered beam and
evaporation residues overlap. The beam is however
concentrated into a much narrower cone—typically 1-2°,
depending on the target thickness—than the evaporation
residues. RFD is therefore made sensitive only outward of
a minimal angle of about 2°. The straggling in the target
and consequently the target thickness is an essential
parameter for partly separating evaporation residues and
beam particles.

Considerations of the multiple scattering of the beam
and of evaporation residues in the target and the resulting
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angular and energy distributions show that the flux of
beam particles can be reduced in this way by approximately
a factor of 1000, while only about half of the wanted nuclei
are lost.

The detector is segmented into individual detection
elements closely packed in inner and outer concentric rings
around the beam line. This granularity reduces the high
rate of scattered beam particles in elements and gives the
angle of emission of the detected nucleus for the Doppler
correction. Nevertheless, the individual elements have still
to tolerate of 10° beam particles/s and detect a few recoiling
nuclei per second. Therefore, the detector has to be as fast
as possible. Also, a detection scheme that gives a large
signal for the slow heavy nuclei of interest and small signal
for the scattered beam is clearly advantageous. This
requirement is met, as the detector signal corresponds to
the specific energy loss dE/dx rather than to the energy E
of the particle. Because very slow heavy nuclei are to be
measured with RFD, e.g. Th nuclei at 6 MeV, any gas
detector like parallel plate avalanche counters [10] with a
thin enough entrance foil would be prohibitively difficult.

As already stated, the secondary electron emission from
a thin foil induced by recoiling ions [11] has been chosen as
the “primary detection mechanism”. The mechanism of
this type, based on an isochronous transport of secondary
electrons, was used successfully to suppress intense back-
ground from fission in y-ray spectroscopy investigation of
the >**Th nucleus already in 1983 [12]. The total secondary
electron yield yr from a foil is defined as the average
number of secondary electrons emitted from the foil
surfaces per incoming projectile. Rothard et al. [11] clearly
demonstrated an overall proportionality between the secon-
dary electron yield yt and the electronic energy loss dE/dx
of the projectiles: yr = A dE/dx, with A4 = 7 (ug/cm?)/keV in
a wide range of projectile velocities and projectile nuclear
charges. In order to produce the detector signal corre-
sponding to the energy loss dE/dx, the number n. of
secondary electrons per incident ion has to be counted.
This is accomplished by accelerating the simultanecously
emitted electrons (of the order of 100) of low energy (of the
order of 10eV) with a voltage U (typically —20kV) and
focusing onto a thin plastic scintillator mounted on a
photomultiplier (PM). The scintillator gives a signal
corresponding to the absorbed energy (n.U = 2MeV) of
the whole electron bunch and—in consequence—to the
energy loss dE/dx of the ion in the foil. The focusing
of electrons allows in addition to use smaller scintillators
and PMs.

Evaporation residues differ significantly from other
reaction products and beam particles in the velocity and
therefore in their time-of-flights on a distance of the order
of Im. RFD is designed for such a flight path and for a
pulsed beam with a repetition time of several hundreds of
nanoseconds. Individual RFD detection elements, particu-
larly the inner ones, are hit by 1 beam particle per beam
pulse in average. The decay time of the scintillation and the
signal transit time of the PM should be short enough that

after less than 50ns the next particle, in particular the
wanted evaporation residue, can be measured. The pulsed
beam allows using a fast linear gate for the signals from the
PM. The linear gate triggered by a synchronized signal
from the pulsing system of the accelerator acts as a slit in
time that discards the beam and lets the wanted particles
pass. In this way, the following electronics are not
overloaded by the high counting rate from the scattered
beam.

The following RFD electronics require a coincidence
with the y-ray detector. If a valid y-event coincides with the
signal from RFD, the digitized pulse height and time-of-
flight of the ion are stored together with the y-ray data.
Selecting events with the appropriate time-of-flight and the
pulse height when sorting the data gives clean y-ray spectra
from very rare evaporation residues. The measured time-
of-flight and the position of the RFD element fired
determine the velocity vector of every nucleus that emitted
the y-rays. Consequently, the Doppler shift is measured
precisely in the event-by-event mode and can be corrected
with often a big gain in energy resolution.

3. Detection scheme and detector design

3.1. Energy and angular distribution of evaporation residues
and scattered beam

The compound nucleus formed by fusion of a beam
particle and a target nucleus has the momentum of the
beam particle. Therefore, the compound nuclei show the
same spread in angle as the beam. In the following it is
assumed that in praxis we are using a well-defined parallel
beam without a halo of particles at rather large angle
and—consequently—the spread of the compound nuclei
induced by the angular spread of the beam is negligible.
Beam particles, that do not undergo a nuclear reaction,
change their direction and energy when passing the target
due to the multiple Rutherford scattering and interactions
with the target electrons.

The recoil caused by particle evaporation from the
compound nucleus broadens the momentum distribution
of the evaporation residues. The angular and energy
distributions of the evaporated particles are known well
enough for our purpose. We take the angular distribution
for neutrons as isotropic. For protons and a-particles, the
differential cross-section is taken as do/dQ = ¢/sin® +k
for @ >10° and ® <170°, while it is constant with the value
at 10° for ® <10°and © >170°. Both parameters ¢ and k
are positive and do/dQ is about a factor of 3 smaller at 90°
than at 0°, reflecting measured data [13]. A Monte Carlo
code TRIMTRANS [14] was written, which includes the
steps just mentioned and it calculates the resulting
distributions of the beam particles and evaporation
residues in energy and angle.

Gamma-ray spectroscopy of '*?At produced in the
5L u(*®Si,4n)' At reaction at 141 MeV with the cross-
section of 100pub [8] is taken as an example of the
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Fig. 1. Calculated angular distribution of 141 MeV *%Si beam ions after
passing a 0.7mg/cm? thick '’Lu target. 20 million events have been
calculated and the number of ions per angular interval of 0.05° is plotted
as a function of a beam-scattering angle. The shaded area presents the part
of the distribution accepted by RFD as used with the GAREL + setup at a
distance of 1330 mm from the target. Only 1.7% of the total number of the
elastic scattered beam ions hit the sensitive area of RFD in this case.

spectroscopy investigation of heavy nuclei. Fig. 1 shows the
angular distribution of the 2%Si beam particles due to
multiple scattering in the 0.7 mg/cm? '"°Lu target. At the
GAREL + geometry (Section 4.1.1), only 1.7% of the total
number of scattered beam particles—marked by the shaded
area in Fig. l—were accepted by the RFD detection
elements, still giving an extremely high counting rate of the
order of 10 MHz per element for a typical beam current of
10'° particles/s.

Two-dimensional distribution of the '"’At evaporation
residues over kinetic energy and the scattering angle is
calculated as follows. The reaction with the instantaneous
process of particle evaporation can happen anywhere in the
target and the final nucleus will then scatter on the
remaining path through the target. Therefore the target is
divided into 20 slices, in which the reaction might produce
the At nuclei. At each of the target layers, the cross-section
for the production of '*?At is calculated for the exact beam
energy present at the entry to the layer. This assures that
any variation with regard to the formation of '’At is
accounted for in the simulation program. The subdivision
into a total of 20 different layers guarantees a high enough
accuracy to avoid any computational artifacts that may
arise from the introduced partitioning of layers. Because
neutrons are emitted with little kinetic energy, the
distribution due to their recoil is narrow in angle and
energy. The energy loss and angular straggling in the
remaining part of the target dominate the final distribution
of the '?At recoils. Straggling in the target is essential also
in pulling beam and product nuclei apart and therefore the
target thickness is an important experimental parameter.
The resulting two-dimensional distribution of '*?At recoils
is shown in Fig. 2 and its projection on the angle axis is
presented in Fig. 3. The latter figure indicates also a high
RFD acceptance of 27% of total number of emitted '*?At
recoils at the GAREL + geometry. A comparison of the

25

199At recoil energy [MeV]

0 L | L | L
0 5 10 15 20 25 30

recoil scattering angle 0 [deg]

Fig. 2. Calculated distribution of '»’At recoils over their kinetic energy
and scattering angle. The '"’At nuclei were produced by the '"*Lu
(38Si,4n)" At reaction at 141 MeV in a 0.7 mg/cm? thick, metallic lutetium
target. 4 million events have been calculated and the contour lines give
number of recoils per angular and energy intervals of 0.2° and 126.5keV in
steps of 300 recoils with 2700 recoils in the peak of the distribution.
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Fig. 3. Projection of the calculated distribution of the At recoils of
Fig. 2 on the scattering angle axis. The dark area shows the part of the
angular distribution that RFD accepts at a distance of 1330 mm from a
target at the GAREL +setup. In all, 27% of the total number of At
recoils emitted from the target can be detected by the recoil detector.

calculated RFD efficiency with the measured value for
selected reaction is presented in Section 4.1.1.

The situation differs for light nuclei, particularly when
protons and a-particles with much higher kinetic energies
are emitted. The recoil due to emitted particles then
governs the momentum distribution of the nuclei, while
straggling of evaporation residues is less important. The
398i(**0,p2n)*>Sc reaction with 68 MeV beam energy and a
0.8 mg/cm’® metallic target is taken as example. The
calculated distribution of **Sc recoils behind the target is
shown in Fig. 4. The distribution is very wide both in
scattering angle and kinetic energy. It has a maximum at
about 4.5° and matches very well the angular acceptance of
RFD placed at a distance of 1350 mm from the target
(see Section 3.2). This good angular matching resulted
in a high evaporation residue detection efficiency of 40%
in spectroscopy measurements of f;, nuclei with the
EUROBALL IV array (Section 4.1.3).
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3.2. Layout of the detector

A vertical cut through RFD used with the EUROBALL
IV array on line of the VIVITRON accelerator at IReS in
Strasbourg is given in Fig. 5. The forward half of the target
chamber is seen at the left. The conical chamber connecting
the target chamber with the detector tank can be varied in
length to adjust a distance of the RFD electron-emitting
foil array to the target from 1000 to 1350 mm (shown in
the figure). It allows matching the flight path of recoils to
the recoil velocity and the RFD acceptance angle to the
angular distribution of evaporation residues. RFD consists
of 18 cylindrical detection elements mounted in the inner
ring of 6 and the outer ring of 12 elements around the
beam axis. Four of them are seen in the detector tank to the
right. The individual detection element is composed of the
electron emitting foil under negative electrostatic potential,
a set of electrodes accelerating and focusing the secondary
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Fig. 4. Calculated distribution of **Sc nuclei from the °Si(**0,p2n)**Sc
reaction at 68 MeV with a metallic 0.8 mg/cm? target over their kinetic
energy and scattering angle. In all, 2 million events have been calculated
and the contour lines present the number of recoils per 0.2° and 174 keV
angular and energy intervals in steps of 100 recoils, with 800 recoils in the
maximum of the distribution.

target
chamber

1000 mm

electrons rejected from the foil by recoils, and a scintilla-
tion counter with a plastic scintillator mounted on a
photomultipler tube (see Sections 3.3, 3.4 and 3.5 for
details). The innermost central element is left out, and the
bulk of the beam can pass through to a remote Faraday
cup. The elements are tilted away from the axis, to protect
scintillators against direct hits by beam particles scattered
in the target. At the distance of 1350 mm, the half-opening
angle of the individual detection element is about 1° and its
solid angle is about 1 msr. At this distance, the array of 18
detection elements covers the angular interval from 1.8° to
6.7°. However, gaps between cylindrical elements cannot be
avoided. The little covered area between the inner and the
outer rings of elements is evident in the dip of the RFD
sensitivity in Fig. 3. Therefore, the total solid angle of RFD

Fig. 6. Photograph of RFD in conjunction with the EUROBALL IV
array on line with the VIVITRON tandem accelerator at IReS (courtesy of
Ch. Munch, IReS, Strasbourg). The beam enters from the left. The right
half of EUROBALL 1V is pulled back, showing the target chamber in
front of the Clover and Cluster y-ray detectors, connected with the RFD
tank by the conical chamber. The tank of RFD, replacing the EURO-
BALL IV tapered Ge-detectors, is seen to the right. Several photo-
multiplier bases sticking out of the back cover of the RFD tank are also
visible.

HV feedthrough

Fig. 5. Vertical cut through RFD used with the EUROBALL IV array on line with the VIVITRON accelerator at IReS in Strasbourg (see text for

explanation).
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is calculated as the sum of the solid angles of the individual
elements. At the distance of 1350 mm it is 19.4 msr. At the
shorter distance of 1000mm, RFD covers the angular
interval from 2.4° to 9.0° with the solid angle of 36.3 msr.

Fig. 7. Photograph of the 18 cylindrical detection elements of RFD
(courtesy of Ch. Munch, IReS, Strasbourg). The first electrodes of the
elements mounted in an aluminum plate under high electrostatic negative
potential are seen to the left. The electron-emitting foils are removed to
show the inside of elements. In the center of the picture, aluminum
electrodes isolated from each other by lucite insulators are seen. The
photomultipliers with the scintillators are not mounted in the holes of the
RFD back cover seen to the right.

Table 1

A turbomolecular pump is connected to the lower port,
and the high-voltage feedthrough for electrodes is mounted
in the outlet on the top, of the RFD tank.

Photographs of RFD coupled to EUROBALL IV and
its array of 18 detection elements are shown in Figs 6 and 7.

3.3. Secondary-electron emissive foil

We have already pointed out that RFD has to detect
down to very slow heavy nuclei in the presence of a very
high rate of scattered beam particles. Therefore, a detection
mechanism that gives signals with a height proportional to
the electronic energy loss of the nucleus or number of
secondary electrons knocked out from a very thin foil by
recoiling ions is favorable, as described in Section 2.

Following Bohr, the process leading to the ion energy
loss can be considered as caused by two extremely different
types of collisions, referred to as distant and close collisions
[11]. The distant collision leads to the production of low-
energy secondary electrons with isotropic angular distribu-
tion around the beam axis. The energy spectrum of the
electrons has been measured for 500keV protons bom-
barding thin carbon and aluminum foils [I11]. It was
demonstrated that about 75% of the total number of
electrons emitted have an energy below 20eV. The
secondary electrons are emitted from the entrance and
the exit surfaces of the foil. The ratio of the secondary
electrons that are emitted in forward and backward
directions depends on the mass of the ion. For heavy ions,
as in our case, about 2/3 of the electrons are emitted in the
forward direction [11].

The escape depth of such low-energy secondary electrons
isabout 1.5nm [11]. Because of that small escape depth, the
total electron yield is only sensitive to events in the first few
atomic layers at the beam entrance and exit surface of the
solid. Recoils that are stopped inside of the Mylar foil
cannot be detected by the secondary electron emission.
Moreover, for slow heavy nuclei the electronic energy loss
drops with decreasing energy. Therefore, the foils for slow

Electronic energy loss (dE/dx), of ions representative for beam, fission products and heavy evaporation residues passing through the 0.8 um Mylar and
then 20 nm aluminum of the secondary electron emitting foil [15] for typical ion energy Ej, at the entrance of the foil

Ton E;, (MeV) (dE/dx)el (MeV)/ Eou (Mylar) (MeV) (dE/dx)el (MeV)/ Eou(Al) (MeV)
(mg/cm?) Mylar (mg/em?) Al
“He 30 0.22 30.0 0.17 30.0
150 100 3.86 99.6 3.04 99.6
N 200 17.10 198.1 13.39 198.0
%67y 100 54.70 93.9 35.52 93.7
12491 100 62.59 93.0 38.92 92.8
208pp 5 15.48 22 8.86 2.1
10 18.78 7.2 13.46 7.1
20 24.41 16.8 17.03 16.7
226Th 5 15.70 2.0 8.70 1.9
10 19.16 7.0 13.58 6.9
20 23.89 16.7 17.02 16.6

Calculated energies at the exits of Mylar foil E,,(Mylar) and aluminum layer E,,(Al) are also given.
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heavy-ion detection should be as thin as practically
feasible. Mylar foils between 2.0 and 0.5 um of thickness
and 56 mm of diameter have been used. The exit surface of
the foils was covered by aluminum of 20 nm thickness to
ensure a uniform electrical potential of the foil under
high-voltage tension applied for acceleration and focu-
sing of the secondary electrons onto the scintillator
(Section 3.4). Because of the small escaping depth, the
secondary electrons are preferentially emitted from the
aluminum layer. The slowest ions that have been detected
so far by RFD are thorium nuclei of 6 MeV and below
(Section 4.1.1).

Table 1 lists the calculated electronic energy loss [15] in
0.8um Mylar foil and 20nm aluminum layer for some
ions that represent beam particles, fission products and
evaporation residues. According to Section 2, one can
expect that the total number of secondary electrons emitted
from the foil by heavy mass recoils should be from 100 to
400. The corresponding pulse height induced by forward
electron emission and 20 kV accelerating voltage should lie
in the energy interval from 1 to 4 MeV. It turns out that the
expected pulse height is largest for fission products and
almost equal for an argon beam and slow heavy recoils.
These estimates have been confirmed by measurements
of the number of secondary electrons produced by the
recoiling nuclei actually detected in RFD as described in
Section 3.6.

3.4. Acceleration and focusing of secondary electrons

A schematic drawing of one of the 18 identical RFD
detection elements is shown in Fig. 8. Its primary task is to
accelerate and focus all secondary electrons that are
emitted from the foil onto the scintillator, independent of
the position where the ion hits the foil. As the kinetic
energy of the emitted electrons is negligible (20eV)
compared to the energy achieved after acceleration
(20keV), this poses no principal difficulty. But while in
usual beam optics particles are limited to a narrow range
around the axis, electrons originating at the edge of the
aperture of the optical elements are also treated here. The
calculated ion optics [16], as presented in Fig. 8, gently

foil  electrode electron trajectory  scintillator

recoils
—>

Fig. 8. Schematic drawing of the cylindrical detection element of RFD.
The electrodes and their electrostatic negative potentials for the
accelerating voltage U= —20kV are shown. They accelerate and focus
secondary electrons from the emitting foil at the left onto the scintillator at
the right. Electron trajectories are calculated [16] for secondary electrons
emitted from the foil with zero kinetic energy.

guide the electrons from that edge towards the axis by an
increasing axial electric field generated by the first 4 ring-
shaped electrodes. A decisive influence for the acceptance
of the electrons right from the outer radius of the foil is
exerted by the position of the foil relative to the first
equipotential ring, in which it is mounted. Trajectory
calculations [16] demonstrate that the foil has to be 1 mm
inside the ring as shown in Fig. 8. A very thin aluminum
layer of 20 nm thickness evaporated onto the exit surface of
Mylar foil ensures a uniform electrical potential. The
boundary conditions at the edge of the foil need the electric
field lines to be perpendicular to the conducting surface,
while a radial component of the field right behind the foil
collects the electrons from the edge. The two long
electrodes at 0 and —15kV and the following conical
electrode at —2kV form a deacceleration—acceleration
focusing lens. According to the calculations, all electrons
are then focused within a diameter of 15mm at the
scintillator. The time-of-flight of the electrons through the
detection element calculated at —20kV is 5ns, with a
spread smaller than 100 ps.

The focusing of the electrons emitted from the foil of
56 mm diameter onto a surface of about 15mm diameter
(see also Section 3.6) has several advantages. A small
scintillator of about 3mg mass might be used. Conse-
quently, its sensitivity to y-ray, neutron and electron
background is very low. Also, smaller PMs can be applied;
this is cheaper and makes the whole mechanical setup
much simple. For the first model of RFD, scattered beam
particles could directly hit a part of the scintillator of the 6
inner RFD elements. This was tolerable because of the
small area of the scintillators, but the huge pulses from
these hits were bothersome. Therefore the detection
elements of the RFD model 2 are tilted away from the
axis so that the small scintillators cannot be hit directly.

Electrons are also emitted anywhere inside the accel-
erating element due to other radiation or from rough spots
of the material. If they are accelerated and reach the
scintillator, they cause noise. This is much suppressed by
the design as the trajectories of very few electrons that are
emitted from other places than the foil will reach the
scintillator. It was observed that the noise of the detection
elements at the operating voltage could be reduced
significantly by the conditioning procedure performed well
ahead of measurements. In this procedure, the accelerating
voltage was slowly raised in small steps up to —27.5kV.
The output of the PMs became noisier with each step and it
was allowed to settle before the next one. After reaching
the maximum value, the voltage was slowly lowered to the
operating potential (usually —20kV).

3.5. Scintillators and PMs

Scintillators and PMs are chosen for the detection of the
secondary electrons emitted from the foil because they can
handle very high counting rate and are sturdy and easy to
use. Scintillators sum up the light generated by almost
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simultaneously arriving secondary electrons, which means
that the pulse height is proportional to the number of
electrons as wanted. As the light output is proportional to
the energy of electron, stray electrons that originate from
other places than the foil with a lower electrostatic
potential contribute less to the noise. Commercially
available 10 um thick Pilot U plastic scintillators in the
Nuclear Enterprises technology with a very short decay
time of 1.36 ns are used. The scintillator thickness is greater
than the range of 20keV electrons (about 6 um) to assure
full absorption of electrons at this energy in a plastic
absorber. The scintillators are also quite resistant to
radiation damage. Around 10® electrons per second deposit
20keV each in the scintillator. The mass of the scintillator
is only about 3 mg and the absorbed dose in one day—the
characteristic time scale of an experiment—is 10* Gy. The
scintillators are attached to photocathode windows of the
PM tubes with silicon grease and held down by aluminum
rings that also define the scintillator sensitive area.

The PMs are found to be a critical part of the system.
Their gain decreased significantly during the course of
experiment due to the high average load, changing often by
orders of magnitude (“fatigue” phenomenon in PM). It
turns out that the PM operation is much more stable if
its gain is kept rather low and instead fast electronic
amplifiers are used in addition. Therefore, every one of the
18 individual RFD scintillation detectors is based on an
8-stage PM PHILIPS XP2962 (instead of a 11-stage
PHILIPS XP2982 used in the RFD model 1) with a base
manufactured by HMI (Berlin). A positive high voltage is
applied to the anode, necessitating capacitive coupling of
the signal pulses, but the mechanical construction is much
simpler with the photocathode and consequently the PM
tube kept on ground potential. To provide good gain
stability at high counting rate, the PMs operate at a low
anode potential of about +700V, well below the recom-
mended voltage (+ 1000 V). Although the timing properties
of the PM tube are not optimized at such low voltage,
other properties such as linearity or signal-to-noise ratio
are not appreciable changed (see Section 3.6). In addition,
emitter followers for the last three dynodes are used in the
resistive voltage dividers.

The PM tubes are glued with epoxy into aluminum
flanges that are the vacuum seals into the back cover of the
detector chamber. The PM tubes are screened from
possible stray magnetic field by the PHILIPS mu-metal
shields in the form of cylinders extended beyond the
photocathode plane and connected to the tube ground
potential.

Because the fast negative signal of low amplitude
(about 20mV) from the anode is used both in time and
pulse-height measurements, it is amplified by a fast
preamplifier without any degradation of signal rise time
and then by the LeCroy 612 Fast Amplifier, with a total
electronic gain of 100 (see also Section 3.7.1). The fast
preamplifier built in IFJ PAN (Krakow) is based on the
low-distortion, 1 GHz current feedback AD 8009 amplifier.

3.6. Tests with a *>Cf fission source

A thin fission source of **>Cf was used for the
development and tests of RFD and its data-acquisition
system prior to in-beam experiments. The fission frag-
ments, very roughly nuclei of mass 100 and 100 MeV of
kinetic energy, are similar enough to the evaporation
residues and well suited to test the detector. Also, about 10
y-rays are emitted per fission event. Therefore, coincidences
between fission products and y-rays can be easily measured
with RFD and a simple y-ray detector.

Both the individual RFD detection elements in a
separate chamber and the complete RFD setup were tested
with a 2>2Cf source in coincidence with large Nal(TI)
scintillation counters, like the 3” x 5”7 Nal(Tl) Harshaw
spectrometer. A data-acquisition system with dedicated
software was built to acquire data for creating and
analyzing single and coincidence spectra in one- and two-
dimensional modes as described in Section 3.7.2. Below,
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Fig. 9. Pulse-height spectrum of the secondary electrons from 0.8 pm thick
aluminized Mylar foil illuminated by a 2>2Cf fission source, measured
without any coincidence requirement by one detection element of RFD
with the electron accelerating voltage U = —12.5kV and the PM operating
at +700V. C marks the centroid of the pulse-height distribution.
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Fig. 10. Centroid C of the pulse-height distribution of the secondary
electrons emitted from 0.8 pm thick aluminized Mylar foil bombarded by
fission fragments of a 232Cf source as function of the electron accelerating
voltage U of the RFD detection element. The dependence is linear as
expected, but with a bias of —6.5kV (see text).
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results of three selected tests of the main properties of RFD
with a 2°>Cf source are presented.

Fig. 9 shows the pulse-height distribution of fission
fragments as measured by one RFD detection element at a
low electron-accelerating voltage of U= —12.5kV without
requiring a coincident y-ray. The PM tube operated at
+700V, much below the recommended voltage for
better gain stability at high counting rate as discussed in
Section 3.5. The peak is wide but clearly separated from the
exponentially falling background. The spectrum was
measured also as a function of the electron acceleration
voltage U. As expected, the centroid C of the peak moves
linearly with U (Fig. 10), clearly demonstrating that PM
can operate below the recommended voltage without
changing its general performance. Surprisingly, a large
bias of —6.5kV was found. This bias has always been seen
for all detection elements, varying between —5 and —10kV,
but its origin has not been understood yet.

In the second test, we determined the average number of
secondary electrons emitted from the aluminized Mylar foil
illuminated by fission fragments from a 2>2Cf source. The
test was based on a simultancous measurement of pulse-
height spectra of fission fragments and 6.1 MeV a-particles
from 2*’Cf by the RFD detection element with a thick
scintillator, as described in detail in Ref. [14]. The centroid
of the secondary electron peak was expected at a position
that was determined by three factors: (i) the average
number of electrons emitted, (ii) the light yield for a plastic
scintillator excited by electrons and (iii) the acceleration
voltage. The corrections for a fraction of normally incident
electrons, which were backscattered from the scintillator
surface, and for the just-mentioned bias of the accelerating
voltage should also be taken into account. On the other
hand, the position of the « line in the spectrum was defined
by the energy of a-particles and the light yield of plastic
scintillator for this particle at 6.1 MeV. Therefore, the
average number of electrons could be calculated from the
ratio of peak positions for secondary electrons and o-
particles if the ratio of the light yields for a-particles and
electrons was determined experimentally. A 1cm thick
Pilot U scintillator irradiated by y-rays from sources of
133Ba, 137Cs and **Na showed the Compton edges at
electron energies of 207, 478, 341 and 1061keV well
enough for a crude calibration of the pulse-height spectrum
in electron energy. The position of « line in a spectrum was
measured and determined to correspond to an electron
energy of 740(100) keV. This allowed establishing the
experimental ratio of light yields for a-particles and
electrons as 0.121(15). In consequence, the average number
of secondary electrons emitted from the aluminized Mylar
foil by fission fragments from 2>Cf was found to be
270(70). According to Rothard [11] (Section 2), in this case,
410 electrons were expected in total and about 270
electrons emitted in the forward direction. This agreed
surprisingly well with the measurement.

The third test verified the results of the calculation,
showing that secondary electrons emitted from any point
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Fig. 11. Counting rate of one RFD detection element illuminated by
fission fragments from a 2*>Cf source in a function of diameter d of
diaphragm mounted on a plastic scintillator of the detector. A constant
counting rate for d>15mm indicates that the measured diameter of the
secondary electron focus is equal to this value in very good agreement with
calculations.

of the Mylar foil hit the scintillator within a circle of 15 mm
in diameter. The foil was uniformly bombarded with fission
fragments from a >>>Cf source, while the scintillator was
covered with diaphragms of varying diameters. Fig. 11
shows the measured counting rate of the RFD detection
element as a function of the diaphragm diameter d. For
d>15mm the counting rate is constant, proving that
electrons from the whole area of the foil are guided to the
scintillator within the calculated diameter of 15 mm.

3.7. Electronics and event handling

3.7.1. Electronics for in-beam experiments

In this section, we present the recent version of the RFD
electronics as used within the last period of the RFD
campaign at the EUROBALL IV array on line with the
VIVITRON accelerator at IReS in Strasbourg.

A block diagram of the electronics in Fig. 12 demon-
strates the application of the time-of-flight technique for
filtering of evaporation residues from a huge background
of the scattered beam particles using RFD in conjunction
with EUROBALL IV. The system presented here offers
also a possibility to measure both the time-of-flight and the
pulse height for each individual recoil detected in RFD in
coincidence with the y-event of selected fold formed by
EUROBALL IV synchronously to the beam pulse signal
from the accelerator pulsing system. The -electronics
scheme has been assembled using commercially available
modular electronics of the NIM and VME standards
manufactured by CAEN, GSI, LeCroy and ORTEC.
However, to perform special tasks, purpose-built electronic
modules have been developed by HMI (Berlin) and IFJ
PAN (Krakow).

The pulsed beam, when used, should have a repetition
time slightly longer than the time-of-flight of the slowest
evaporation residues. The pulses from the PMs of RFD
detection elements (18 PM PHILIPS XP2962) are first
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Fig. 12. A block diagram of the electronics for measurements of time-of-flight and pulse height of recoils in coincidence with y-rays using RFD and the
EUROBALL IV spectrometer on line with the VIVITRON accelerator at IReS (see text for explanation).

amplified by the fast preamplifier (IFJ Preamp) and the
LeCroy 612 Fast Amplifier (LC612 Amp) and then fed to
fast linear gates (HMI LG17/3)—the key elements of the
system—that are opened and closed strictly periodically
with the time reference to the RF beam pulse signal. The
task of the gates is to eliminate the scattered beam particles
that arrive at a well-defined time (see Fig. 13). The allowed
time range, during which the gate is open, covers the time
interval when the evaporation residues arrive. In a typical
fusion—evaporation reaction, the inner detector elements
are each hit as noted already, by about one scattered beam
particle per beam pulse. Standard electronics would give a
dead time of some 100 ns, and evaporation residues would
be lost almost always. The fast linear gates and the
preceding amplifiers (IFJ Preamp and LC612 Amp) are
located close to the detector and connected with short
cables (~1 m). With this scheme, it is possible to handle the
huge counting rate of scattered beam and reduce it behind
the gates to a low enough level that the following standard
electronics can stand.

The remaining electronics modules can be placed at a
long distance from the target, in the counting area,
connected by coaxial cables about 20 m long. A time signal
is generated for all elements individually by constant
fraction discriminators (CAEN V812 CFD). The OR logic
signal derived from CFD provides information that an
individual RFD detection clement has been hit by one
recoil. This is a ““valid recoil event”. The system is not
protected against multiple hits, when two or more detector
elements are fired at the same time. However, the rate of
multiple hits is usually kept below 3% of the total RFD
rate and the sorting program rejects such events off-line.
The pulse-height information is stored by means of
linear stretchers (HMI Stretcher) in the processing chain

of pulse-height measurement for about 1 ps until a logical
decision has been made on the validity of the event.

EUROBALL IV provided a “valid y-event” signal. This
was a prompt coincidence of at least two prompt (relative
to the beam pulse) Ge-detector signals. We found out that
a fold value even as low as 2 could be meaningful in the
measurement of y-recoil coincidence spectra. y-Events of a
proper fold were selected by a discriminator (LC 821 Disc)
analyzing the signals provided by the EUROBALL IV
Sumbus Raw output of the EUROBALL IV Master
Trigger card (EB MT). The y-event of a selected fold
(yy-Fold > 1) was synchronized in time with the RF signal
(GSI CO 4010 AND) being in phase with the beam pulse
that ensured these y-rays to be prompt. A coincidence of
this valid y-event with the valid recoil event (GSI CO 4010
AND) constituted a “‘valid event’ signal. This information,
that RFD and EUROBALL IV detectors were in true time
coincidence, was fed to the Front Panel 1 (FP1) of the
EUROBALL IV master trigger (EB MT). The master
trigger performed the AND functions for the shaped and
delayed sumbus and the FP1 signals and provided the fast
trigger (FT) logic signal. The fast trigger signal forced the
EUROBALL IV ATTIC module (DAR EB ATTIC) to
generate the common start signal for the TDC (CAEN
V755 TDC) that measured the time-of-flight and the gate
signal for the QDC (CAEN V792 QDC) for sampling the
stretched pulse heights of recoils.

The valid event signal fed to the input FP1 of the master
trigger started the conversion for the signals from the y-ray
detectors and afterwards provided the fast read-out of the
TDC and ODC converters with the VME processor. Then
the data were delivered to the DT32 bus for further
processing by the EUROBALL IV data-acquisition system
(DT32 EB DAQ) and stored event-by-event on a mass
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storage device. Here, an event consisted of the pulse height
and time-of-flight information from RFD and the y-ray
data from EUROBALL IV.

The counting rates of the RFD detection elements were
monitored by scalers (Scalers) behind the CFDs for fast
online check. Other significant signals, like “valid events”,
were also counted.

3.7.2. Electronics and software for off-beam tests

Computer-controlled CAMAC modules with ECL logic
are used to process in parallel the time and pulse-height
signals from the RFD detection clements in test experi-
ments off-beam with a *>>Cf fission source (see Section 3.6).
A special software named EURYDICE has been prepared
to control the CAMAC electronics and to collect data [17].
EURYDICE is written in C+ + language in a fully object-
oriented way and runs under the Window ™ operating
system on the dedicated PC. The EURYDICE software
models the hardware configuration by using classes such as
“CAMAC crate” or “CAMAC block”. A CAMAC block,
for example, corresponds to an abstract type of a CAMAC
hardware module. The user of the EURYDICE software
sees on the screen a picture of the hardware, i.e. the crates
with modules in the appropriate slots. The user can
interactively define the software that corresponds to the
hardware by specifying which type of module is in a given
slot of the crate. He can also read out and adjust the
settings of all CAMAC modules, like thresholds of
the CFDs or delays, using dedicated dialog windows. The
configuration and all settings can be saved for later use.

The EURYDICE software is able to acquire data in two
modes. The ““single mode” collects the set of single spectra
of all the TDC and QDC channels. In this mode of
acquisition, the data are synchronously taken directly from
the modules via the CAMAC readout. In the “event-by-
event” mode, the data from the TDC and QDC modules
are read event-by-event via FERA readout into a specially
built FDT32 CAMAC module [18]. This module buffers
the data and then transfers them to EURYDICE for
construction and analyses of one- and two-dimensional
spectra.

4. Performance of the detector
4.1. Measurements with pulsed beam

4.1.1. Filtering residues and detection

efficiency

The ability of RFD to filter evaporation residues from
other reaction products can be clearly demonstrated in the
heavy mass region where fission process and Coulomb
excitation of target nuclei dominate. The reaction of the
141 MeV 2%Si pulsed beam with 430 ns repetition time on a
0.7 mg/cm? thick '"°Lu target is selected as a representative
example. According to the CASCADE code calculation
[14], the total fusion cross-section is 100 mb, but the fission
of a compound nucleus is almost 30 times more probable

of evaporation

than the particle evaporation. In particular, the calculated
cross-section for '°Lu(**Si,4n)'*’At reaction considered in
Section 3 is only 120 ub [14], in good agreement with the
measured value of 100 pub [8].

The y-rays were detected by 14 Compton-suppressed
HPGe-detectors and 1 LEPS detector of the GAREL + set-
up (GAmma + Recoil + ELectron+ ...) [8] in coincidence
with any recoil detected by RFD. The total photopeak
efficiency of the GAREL +array was 1.5%. The recoil
detector was placed at a distance of 1340 mm from the
target covering the angular range from 1.8° to 6.6°. The
requirement for a valid event was a coincidence of RFD
with at least two Ge-detectors. Fig. 13 shows a two-
dimensional plot of the pulse height versus time-of-flight
measured by one RFD detection element for recoils
emitted from the target. The beam pulses are cut out in
narrow time intervals around 50 ns at the left of the figure
and around 480ns to the right. Region A contains the
Landau-tail of the beam pulse and fission products. It
might be noted that, in contrast to the evaporation residues
and the beam, fission products are emitted nearly isotropic
in the laboratory frame. Requiring a coincidence with any
kind of nucleus in a very narrow forward cone reduces
substantially, therefore, the background from the fission.
Region B is due to fusion reactions on target impurities of
chromium, manganese and iron, as verified by the presence
of characteristic y-ray lines in the measured y—y-recoil
coincidence spectrum. These impurities are likely from
rolling the target between stainless steel rollers. The region
C contains '"°Lu recoils from Coulomb excitation of the
lutetium target. The heavy evaporation residues of interest
are in the region D, very well separated from other reaction
products. The hardware threshold of the constant-fraction
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Fig. 13. Two-dimensional plot of a pulse height vs. time-of-flight of
recoils from the reactions of pulsed **Si beam at 141 MeV with a 0.7
mg/cm? thick '"°Lu target measured with RFD at a distance of 1330 mm
from the target at the GAREL+setup. Very good separation of
evaporation residues (D) from other reaction products (A-C, see text
for explanation) is clearly seen. Total projections on the pulse-height axis
and on the ToF axis are also shown. The scattered beam particles are cut
by fast linear gate.
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Fig. 14. Time-of-flight distribution of '*’At nuclei from the reaction of
pulsed *Si beam at 141MeV with a 1.0mg/em? thick '"Lu target
measured by RFD placed at a distance of 733 mm from a target. The
histogram gives the measured spectrum. The smooth line shows the
calculated distribution accounting for the energy spread from the recoil of
the neutrons and energy loss straggling.

discriminator is evident as the rapid change in counting
rate at a pulse height around 25 units. The figure shows
also that the noise extends to roughly this amplitude and
obscures little the distribution of the wanted nuclei. The
total projections on the pulse-height axis and on the time-
of-flight axis are also shown.

The Monte Carlo TRIMTRANS code calculations
reproduce in good agreement with measurements the
important features of investigated reactions and the
experimental setup, like time-of-flight distribution of
recoils and the detection efficiency of RFD. Fig. 14
shows a calculated time-of-flight spectrum of '"’At nuclei
from the reaction of 2*Si at 141 MeV on a '"’Lu target of
I mg/cm?. It follows quite well the experimental time
distribution measured by RFD coupled with a y-ray
detector array at a distance of 733 mm.

The detection efficiency of RFD is determined as the
ratio of intensity of a selected y-ray line in a y-ray spectrum
gated by evaporation residues to the intensity of this line in
a spectrum measured without requirement of coincidences
with recoils of interest. According to the definition, the
RFD efficiency can be measured only in such cases, in
which a selected y-ray line can be distinguished from a
background in a spectrum not gated by recoils. This
condition makes the efficiency measurement for the
75Lu(®®si,4n)'*’At reaction rather difficult because, in
the not-gated spectrum, y-ray lines from the (4n) evapora-
tion channel are obscured by a huge fission background.
Therefore, the efficiency of the detector was measured for
the similar >*Sm(*®Si,4n)'"®Os reaction at 141 MeV and a

0.7 mg/cm? samarium target, but with a cross-section about
100 times higher than for the 'At nuclei. In this
measurement, RFD was mounted at a shorter distance of
1160 mm from the target, covering the angular interval
from 2.0° to 7.9°. Intensities of several prominent y-ray
lines from de-excitation of the '"*Os nucleus in the y-ray
spectrum and the vy-recoil coincidence spectrum were
evaluated and the mean efficiency was determined as
35(5)%. The measured efficiency agrees well with the value
of 33% calculated by the TRIMTRANS code.

The ability of filtering of weekly populated evaporation
residues from a very intense background of other reaction
products with high efficiency has allowed for the first time
to perform spectroscopy investigations of the mid-shell
186pp and '"*¥Pb nuclei [7].

4.1.2. Detection of very slow recoils

As it was described in Section 3, recoiling heavy ions to
be detected by RFD have to pass through a thin foil to
knock out secondary electrons. This requirement would
limit the application of RFD for spectroscopic studies of
very heavy nuclei, if they were produced in a fusion—
evaporation reaction with very low velocity. In order to
overcome this difficulty, we have applied very thin, 0.8 um
aluminized Mylar foils allowing detecting heavy mass
recoils with kinetic energy as low as 6 MeV. The **°Th
nuclei with a kinetic energy of about 6 MeV produced in a
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Fig. 15. Total projection of y—y coincidence spectrum from the reaction of
pulsed °O beam at 92 MeV with a 250 pg/cm? thick 2°°Pb target measured
by the GAREL + Ge-detector array (top panel) and the spectrum gated in
addition by evaporation residues recoiling to RFD (bottom panel). The
most intense y-ray lines from various fusion—evaporation channels as well
as X-ray lines from the target and main reaction products are indicated.
Spectra are not normalized.
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reaction of 92 MeV '°0 with 250 pm thick 2°*Pb target were
used to test RFD with Mylar foils of this thickness. Fig. 15
shows the total projection of the y—y coincidence spectrum
(upper panel) and the y—y-recoil-gated spectrum (lower
panel) from the investigated reaction. The upper spectrum
without RFD coincidences is obscured by an intense fission
background and only a few y-ray lines from fusion—
evaporation reactions are seen. The X-rays from the
Pb-target are prominent. The lower panel shows clearly
that the requirement of RFD in coincidence gives the
spectrum with the peak-to-background ratio improved by
one order of magnitude and y-ray lines from fusion—eva-
poration residues only. The Pb X-ray lines are completely
suppressed, and now the X-rays from main reaction
products (Th nuclei) can be seen.

Thinner aluminized Mylar foils of 0.5 um thickness have
become available in the meantime, making possible
spectroscopic studies of even slower and very heavy nuclei,
with a kinetic energy as low as 5 MeV.

4.1.3. Correction of Doppler broadening

It is well known that thin-target y-ray spectroscopy
experiments, especially for light mass nuclei, suffer a signi-
ficant Doppler broadening of y-ray lines. The observed
broadening is related to the spread in velocity and angle of
recoils and to the opening angle and position of the y-ray
detectors. Fig. 16 (top panel) illustrates the loss of energy
resolution due to the Doppler broadening in the y-ray
spectrum from the reaction of '*O beam at 67 MeV with a
0.8 mg/cm? thick, metallic *°Si target. Indeed, as shown in
Fig. 4, the distribution of **Sc recoils produced in the main
(p2n) evaporation channel of the investigated reaction is
very wide both in scattering angle and in recoil velocity. In
order to minimize the effect of the uncertainty in the angle
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Fig. 16. Part of the y-ray spectrum from the reactions of pulsed '*0 beam
at 67MeV with a 0.8 mg/cm?® thick, metallic >°Si target with Doppler
corrections for the mean velocity (v/c = 0.028) of the recoiling nuclei
(top panel) and with the correction for the true recoil velocity measured
for each recoil by RFD (bottom panel) [19]. The spectrum was measured
by one Ge-crystal of the EUROBALL IV Cluster detector with half-
opening angle of 4.5°, positioned at 156°.

of y-ray emission, the spectrum of Fig. 16 was measured by
one Ge-crystal of the EUROBALL IV Cluster detector
with the half-opening angle of 4.5°, positioned at 156°. In
addition, the Doppler shift was corrected for using the
mean velocity (v/c = 0.028) of the recoiling nuclei. Never-
theless, the large uncertainty in the velocities of recoiling
nuclei, equalling about 30% for **Sc nuclei, still broadens
measured y-ray lines significantly, resulting in the relative
energy resolution of about 2% for 1500 keV [19].

In stark contrast to this, narrow y-ray lines with the
relative energy resolution of 0.3% at 1500keV result
(Fig. 16, bottom panel) if the Doppler shift of each y-ray
is corrected for using the measured velocity vector of the
individual nucleus from which it was emitted. The
magnitude of the velocity is given by the time-of-flight,
whereas the recoil direction is determined by the RFD
detection element that has been hit.

The relative uncertainty of about 1%, which can be
usually achieved in ToF measurement for nuclei recoiling
with the velocity of few percent of the light velocity, leads
to the Doppler broadening of y-ray line comparable with
the intrinsic resolution of Ge-detector or—in most cases—
significantly smaller. The small opening angle of the
individual detection element (about 20% of that of the
Ge-detector) contributes at most 2% to the broadening of
the y-ray line. Therefore, in this case, Doppler broadening
of the y-ray line is almost fully determined by the finite
opening angles of y-ray Ge-detectors. This is illustrated in
Fig. 17, where the full width at half maximum (FWHM) of
v-ray line corrected event-by-event for the Doppler shift is
plotted vs. y-ray energy for slower (v/c = 0.04) and faster
(v/e = 0.05) recoils: ¥’V and *“Cr from the 125MeV
288+ 28Si reaction and *'Ca from the 125MeV **Si+ 'O
reaction on silicon target impurities, respectively. As
expected, this function is linear and different slopes of
the two straight lines result from different velocities of
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Fig. 17. The full width at half maximum (FWHM) of y-ray line corrected
for Doppler shift using the measured recoil velocity vector as a function of
v-ray energy. The experimental results are shown for evaporation residues
recoiling with different velocities: *’V and *’Cr from the 125MeV
2Gi+288i reaction with v/c=0.04 and *'Ca from the 125MeV
283i + 190 reaction on silicon target impurities with v/c = 0.03.
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recoils: the slope of the line plotted for faster recoils is
greater than for slower ones.

The significant improvement in energy resolution has
allowed spectroscopy of f7,> nuclei in the Ca-region [20-23]
that was difficult or even impossible before. Also, super-
deformed bands and their linking transitions to states of
normal deformation could be found in the ®'Cu and *“Cu
nuclei [24]. This experiment is an example of combining
of two ancillary detectors: RFD and the 4m charge
particle detector EUCLIDES [9] with the EUROBALL
IV array.

4.1.4. Evaluation of lifetime of excited states

The Doppler shift attenuation method (DSAM) is often
applied to determine lifetimes of excited states in the
femtosecond range by analyzing y-ray line shapes. How-
ever, if the velocity distribution of the recoiling nuclei is
very wide, as in the cases described here (Sections 3.1 and
4.1.3), an uncertainty in the velocity determination enlarges
the Doppler broadening of y-ray lines significantly and the
DSAM becomes impractical. Therefore, in order to reduce
the spread of compound nucleus velocity, the use of very
thin targets is required [25]. In addition, employment of 4x
charge particle detectors to reconstruct the initial velocity
vectors of the residual nuclei can be advantageous [2,26].
The application of RFD, which measures precisely the
velocity vector of every individual recoil, allows evaluating
very short lifetimes of highly excited states also in such
cases with more ease and precision. The Doppler shift of
the y-ray line can be corrected exactly, if the y-ray is
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Fig. 18. Shapes of y-ray lines in a recoil gated y-ray spectrum from decay
of excited states with lifetime longer (bottom), comparable (middle) and
shorter (top) than a transit time of recoils through the target material
estimated as 400 fs [27]. States were populated in the reactions of pulsed
30 beam at 67MeV with 0.8 mg/cm? thick, metallic °Si target. Recoil
gated y-ray spectrum was measured by the EUROBALL IV-RFD
detecting system. Indicated in the figure are the approximate lifetimes 1
of the decaying states extracted from the line shape analysis as described in
the text.

emitted behind the target where the recoiling nucleus has
already well-defined velocity. When a short-lived excited
state decays partly or entirely inside the target, the velocity
vector of the nucleus changes before it is measured. The
Doppler correction is then “wrong’ and characteristically
broadened lines result.

Three y-ray lines from the reactions of the 68 MeV 'O
pulsed beam with 0.8 mg/cm? thick *°Si target from a single
EUROBALL IV Ge-detector placed at a backward angle
are presented in Fig. 18. The bottom part shows a narrow
line, as the sum of lifetime and feeding time of the excited
state is long compared with the transit time of nucleus
through the target material. In the middle of the figure, the
lifetime and the transit time are almost equal, as indicated
by the like areas of the narrow part and the tail of the line.
Finally, the upper panel shows a case where the lifetime is
short in comparison to the passage time.

This type of line shape analysis can be exploited in a
qualitative way to determine the sequence of transitions,
and it can also be used to quantitatively measure lifetimes
of highly excited nuclear states. It can be proven that the
ratio of area of the narrow part of the broadened y-ray line
to the total area of the line is expressed by the ratio of the
lifetime of the state to the recoil transit time through a
target material [27]. In this way, if the transit time of the
recoil is known, the lifetime of excited, short-lived state can
be estimated. Evaluated lifetimes of states considered here,
with the transit time of recoils through a silicon target
estimated as 400 fs [27], are shown in Fig. 18.
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Fig. 19. Time-of-flight spectra for recoils emitted in various evaporation
channels of the reaction of 125MeV 2%Si on a 0.4 mg/cm? thick, metallic
8Si target measured by the EUROBALL IV-RFD setup. For comparison,
the ToF spectrum of recoils from the reaction 125MeV 2%Si with '°O
impurities in silicon target is shown in the top panel. In the top and two
bottom spectra, ToF distributions are cut off at the shortest flight times by
the fast linear gate (see Section 3.7.1).
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4.1.5. Identification of exit channels

Evaporation of different types and numbers of particles
from the compound nucleus leads to significantly different
time-of-flight spectra of evaporation residues, if the
momentum of the particles is not too small relative to that
of the compound nucleus. This is the case for charged
particle emission up to the mass 60 region, where protons
and o-particles are evaporated with energy around the
Coulomb barrier. Thus, measurements of time-of-flight
distribution of light evaporation residues can be used to
some extent to identify the exit channels. Fig. 19 shows
ToF spectra of evaporation residues from various exit
channels of the 125 MeV Si + ?*Si reaction measured with
RFD coupled to EUROBALL IV, obtained by setting the
coincidence gates on y-rays from respective residual nuclei.
In this example, the compound nucleus *’Ni with the mid-
target recoil energy of around 61 MeV leaves the thin target
with the mean velocity of v/c =0.04. The a-particles,
protons and neutrons are emitted with mean kinetic energy
of 15.5, 6.9 and 3.3 MeV, respectively [14]. The momentum
of the a-particles is around 13% of that of the compound
nucleus, while the momentum of protons and neutrons is
roughly 4 times lower (4% and 3%, respectively). In
consequence, the evaporation of three protons and two
neutrons leads to wide but nearly symmetric ToF distribu-
tion of the >'Mn residues (Fig. 19). If a-particles are
emitted as in the two spectra at the bottom, the ToF
spectrum becomes asymmetric and very wide. The dent in
the spectrum for *’Cr recoils is due to one o emission close
to 90°, which pushes the nuclei to large angles out of the
acceptance of RFD. The distribution of the *’V residues
for two evaporated alphas is also clearly wider than for one
o, emission. The top spectrum shows that reactions on
lighter '°O target impurities induce higher recoil velocity,
and it can be easily identified by their difference in time-of-
flight and narrow ToF distribution.

Fig. 19 clearly demonstrates that the time-of-flight
spectra of light evaporation residues differ in shape so
much that one can identify the exit channels. However,
these ToF spectra overlap almost entirely and it is not
possible to separate the y-ray spectra from different
channels by setting gates on the time-of-flight distribution
of recoils.

For heavy evaporation residues, the ToF distributions
do not differ significantly as the emission of light particles
does not alter much the recoil velocity of the compound
nucleus. For example, the momentum of protons and
neutrons emitted in the 141 MeV Si+'""Lu reaction
(Section 3.1) is 5% and 2% of the momentum of the
compound nucleus, respectively. In consequence, RFD
cannot identify different exit channels of the fusion—
evaporation reaction in this mass region.

4.2. Measurements with continuous beam

In some cases, the basic concept of the detector makes
possible the use of the continuous beam instead of a
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Fig. 20. Two-dimensional spectrum of pulse height versus time-of-flight of
recoils from the asymmetric fusion-evaporation reaction of a continuous
0 beam with a 0.4mg/cm? thick 2*Si target at 106 MeV. The EURO-
BALL IV trigger indicating that at least double y—y coincidence appeared
(yy-fold>2, see Fig. 12) was used as a start signal for the ToF
measurement of individual recoils. Contour lines are plotted in steps of
290 counts with 2325 counts in the maximum of distribution.

pulsing one to separate evaporation residue from the
scattered beam. A good example is an asymmetric
fusion—evaporation reaction of light projectiles on light—
medium mass targets at bombarding energy slightly above
the Coulomb barrier. In reaction of 'O beam with *Si
target at 106 MeV investigated here, the energy loss of
evaporation residue of mass 4 ~40 passing through the
Mylar foil of the RFD detection element is larger than for
the scattered 'O beam (see Section 3.3 and Table 1). In
such case, evaporation residues may be fully separated by
their pulse height from the scattered beam. The start signal
for the recoil ToF measurement necessary for the Doppler
shift correction can then be related to the trigger of the
Ge-detector array, indicating that a true reaction event has
occurred. Fig. 20 shows the two-dimensional spectrum of
pulse height versus time-of-flight of recoils from the
asymmetric fusion—evaporation reaction of the continuous
0 beam on a 0.4mg/cm” thick 2®Si target at 106 MeV
measured with the EUROBALL IV-RFD setup. The
EUROBALL IV trigger indicating that at least double
v—y coincidence appeared was used as a start signal for
the ToF measurement for individual recoils. Very good
separation of recoils from the scattered beam particles is
clearly seen. In the y-ray spectrum, y-ray lines corrected
event-by-event for the Doppler shift with the true velocity
vector revealed the same energy resolution for measure-
ments with the continuous and the pulsed beams.

5. Summary, comparison with other detectors and outlook

The high-efficiency detector of evaporation residues—
the Recoil Filter Detector—has been designed, constructed
and used in several in-beam fy-ray spectroscopy experi-
ments. RFD measures evaporation residues emitted from a
thin target into the narrow angular interval using a pulsed
beam and the time-of-flight technique. The detection
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scheme is based on the secondary electron emission
induced by recoils from a very thin foil.

RFD, in conjunction with a highly efficient y-ray
detector array, like EUROBAL IV, and a 0.5 pm second-
ary-electron emitting foil is able to detect evaporation
residues produced with a cross-section down to a few
microbarns and a kinetic energy greater than 5 MeV. With
the present design of RFD, an overall evaporation residue
detection efficiency of about 30% is routinely achieved for
light, medium and heavy nuclei. This could be increased to
about 50% with careful matching of the RFD acceptance
angle to the angular distribution of evaporation residues
for the investigation reaction. The experimental RFD
efficiency is comparable to that of gas-filled separators [28]
and to the efficiency of the novel evaporation residue
detector HERCULES for heavy recoils, as reported in Ref.
[6]. However, HERCULES is particularly suitable for
study of very asymmetric reactions and the detection
efficiency as high as 59% was achieved recently for the
Mg+ '®Pt reaction at 128 MeV and a target thickness of
0.5mg/cm? [29].

In the heavy mass region, RFD is able to filter a weak
v-radiation emitted by the evaporation residues from the
competing background of fission. The requirement of
a coincidence with evaporation residues significantly
improves the peak-to-background ratio in the y-recoil
coincidence spectrum already with the fold as low as two.
Although RFD in principle does not distinguish between
various fusion—evaporation channels, the observed y-ray
lines in the y-recoil coincidence spectrum can be correctly
attributed to the unknown so far final nuclei. This was
clearly shown in the spectroscopy investigation of the very
neutron-deficient isotope '®°Pb with the OSIRIS-RFD
setup [7]. The data with unambiguous mass identification
of recoils obtained a little later by Baxter et al. [30]
confirmed the assignment of the observed transitions
proposed in Ref. [7]. However, in the much lighter mass
region, a careful analysis of time-of-flight distribution
of recoils allows to some extent for identification of
exit channels, especially those which involve one or two
a-particles.

Because no active optical elements or scattering material
are used between the target and RFD, the detector
measures directly the velocity vector of each recoiling
nucleus and the Doppler shift of the y-rays emitted in flight
can be corrected individually in the event-by-event mode.
Due to granularity of RFD, small solid angle of the
individual detection elements and the ability of precise
measurement of the recoil time-of-flight, the velocity vector
of the recoil is measured with high accuracy, which allows
for significant improvement of the y-ray energy resolution.
The improvement in resolution achieved with RFD in
fusion—evaporation reactions with a recoil velocity up to
0.05v/c is comparable and in many cases even better
than provided by light charged particle detector arrays
(Microball [31], EUCLIDES [9], DIAMANT [32]). At
this recoil velocity, the energy resolution obtained with

RFD is comparable also with that in 7y-ray spectra
with precise Doppler shift correction measured by the
CLARA Ge-detector array [33] coupled to the PRISMA
spectrometer for multi-nucleon transfer and deep-inelastic
collisions.

Very good energy resolution in y-ray spectra allows for
evaluation of lifetimes of highly excited states in light and
medium mass nuclei. The shape of the y-ray line corrected
already for Doppler shift strongly depends on the ratio of
the lifetime of the state to the recoil transit time through
the target. The simple method presented in the paper
allows estimating lifetimes of excited states as short as few
femtoseconds.

It is important to notice that in some asymmetric
fusion—evaporation reactions of light projectiles at low
energy with medium mass targets, the evaporation residues
may be separated from the intense background of the
scattered beam by their pulse height only. In consequence,
the continuous beam can be applied in such cases and
increasing of the beam current on a target becomes
possible.

RFD is relatively small, with a dimension of the order of
I m. It occupies a little forward space, less than 0.5% of the
full solid angle. Therefore, it does not obstruct the
placement of y-ray detectors and can be coupled to any
detector array or any other ancillary detectors. RFD is not
sensitive to radiation damages. The mechanical construc-
tion of the individual detection elements protects plastic
scintillator against direct hits by the scattered beam. In
series of several days’ measurements with the counting rate
of 1 MHz, the reduction of the light yield of the scintillators
was not observed.

RFD is considered as one option for ancillary detector to
be coupled with the AGATA Demonstrator [34]. The main
goal of the Demonstrator phase in the AGATA project is
to prove the feasibility of the 4m y-ray spectrometer
AGATA in a realistic experiment, in particular—the
tracking procedures of the vy-rays in the segmented
germanium crystals. RFD should identify the fusion—
evaporation reaction of the key experiment and determine
the direction and velocity of the evaporation residues for
the Doppler shift correction.

In experiments with radioactive beams, the high back-
ground from the decay of the beam particles likely to be
encountered makes it mandatory to measure a vy-ray
spectrum in coincidence with appropriate signal. The use
of RFD in the fusion-evaporation measurements could
provide the signal that such reaction has occurred. As
radioactive beams are of low intensity, therefore, the main
difficulty in handling the intense counting rates in the
anticipated experiments will be less severe, while the very
little radiation-sensitive mass of RFD will be a great asset.
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