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Abstract _ ,
A segmented silicon-silicon-plastic arfay was constructed for studying complex
fragment production in heavy-ion reactions with incident energies of 35 - 100
MeV/u. The array was designed: 1) to measure the energy, position and charge of
fragments with 1 < Z < Z,;; 2) to have high efficiency for detecting fragments
produced in reverse-kinematics reactions; 3) to detect events with two or more
fragments; and 4) to have a flexible configuration. Each array telescope consists of
a 300-um Si detector, a 5S-mm Si(Li) detector and a 7.6-cm plastic scintillator. The
elements of the telescope are held by interconnecting modular packages which allow
the telescopes to be close packed about the beam direction. This modular array has
been used in several different experimental configurations and examples of its

performance are presented.
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1. Introduction

At low bombarding energies (10 MeV/u), heavy-ion reactions leéd on the one hand to the
formation of compound nuclei, which in turn Caﬁ decay by evvapor'atinlg neutrons, light-charged
particles and fissioning, 6r, on the other hand, to deep-inelastic products. Because of the
predominantly binary character of these reactions and the limited range in mass and energy'of the
reaction products, théﬁ study doeé not usually require extensive solid angle coverage or
sophisticated detection systems.

At higher bombarding energiés, fragments intermediate in mass between light-charged
particles and evaporation residues are copiously produced. The rapid rise in the production of these
fragments, usually referred to as complex fragments or intermediate mass fragments, has
stimulated great theoretical [1-3] and experimental interest [4-7]. In particular, multifragment
processes are currently under intense investigation since they could disclose information on the
behavior of nuclear matter under extreme conditions of density and temperature.

‘From the experimental standpoint, the characterization of multifragment decays of highly
excited nuclear systems requires the simultaneous detection and identification of numerous and
vastly different fragments over the entire emission phase space. Only in this way can essential
information be extracted and unbiased kinematical reconstructions of the events be attempted. The
need for studying multifragment decays of highly excited nuclear systems has led in the past years
to the construction of several 4w detection systems[8 - 13]. Near complete coverage of the solid
angle and good granularity are some of the characteristics that make these systems useful tools for
the investigation of normal-kinematics heavy-ion reactions. However, the high fabrication costs,
voluminous dimensions, complicated data processing and acquisition systems, and typically high
thresholds may constitute serious limitations to the use of these systems.

An alternative approach is to utilize reverse-kinematics reactions[14] (heavy projectile
impinging on a light target) to study the multifragment decay properties of hot nuclei[6,7,15-18].
For this class of reactions, the center-of-mass velocity is usually large enough for the reaction

-products to be confined to forward angles in the laboratory system, and efficient coverage of the
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" emission phase space can be achieved with a modest sized detection system. Furthermore, the
strong kinematical boost in the laboratory makes the detection and identification of complex
fragments an easier task. Finally, threshold problems that often limit the detection and identification
of low energy target-like fragments iﬁ normal-kinematics reactions are less restrictive in reverse-
kinematics reactions, due to the forward bbost in the laboratory fra'rhe.

In order to study complex-fragmeﬁt emission mechanisms by exploiting features of reverse-
kinematics reactions with inciderit energies of 35 - 100 MeV/u, a close-packéd array of silicon(Si)-
silicon(Si)-plastic(Pl) telescopes has been built. This paper will discuss its design, fabrication and
- performance. In Section 2 the désign and fabrication of the telescope components [15] and of the
array mounts are presented, together with examples of the experimental configurations. The

performance of the Si-Si-Pl Array telescopes is described in Section 3.
2. Si-Si-Pl1 Array Design

2.1. Design Goals

The design of this array exploits the forward-focusing characteristics of feversc—kineméﬁcs
reactions to build a modest-sized detection system with a large coverage of the.emission phase
space to study complex- fragment production mechanisms. If the projectile is substantially heavier .
than the target, the reaction products are strongly forward focused i in the laboratory system. In fig.
1 a schematic diagram of the binary decay of a compound nucleus in a reverse-kinematics reaction
is shown. For sequential multifragment emission, it can be shown that all of the fr_agments of a
given mass lie inside the cone described by the binary decay. By placing detectors at forward
angles, a large fraction of the emission cone can be covered. With the present array, the coverage is
most efficient for intermediate mass fragments. Due to their smaller emission velocities, fragments
similar in mass to the projectile are focused very close to the beam direction, where it is very

difficult to place detectors. On the other hand, due to their large emission velocities, protons and



alpha particles have the largest angular range in the laboratory, and the forward array will typically
detect only a small fraction of the light charged particles emitted in these reactions.

Three design criteria were established for this detection system. First, in order to measure
the energy, position and charge of reaction products from protons up to the projectile charge (e.g.
La, Z =57), alarge dynamié range isvrequired. Second, to study the transition from binary decay
to multibody decay, sufficient segmentation and solid angle coverage is needed in order to detect
several complex fragments in coincidence. Finally, the array should have a flexible design,
capable of adjusting to changes in the reaction kinematics in order to optimizé the detection
efficiency.

To identify all charged particles with Z > 1, over a large energy range, a three element
telescope was chosen. Each telescope consists of a 300-pm and a 5-mm silicon detector followed
by a 7.6-cm plastic scintillator. The three detectors are employed in two successive AE-E
telescopes with the 5-mm detector common to both telescopes. The first and second detectors are
used to identify fragments with Z = 4, and the second and.third detectors to identify fragments with
Z < 4. Because of the very large range of energy deposited in the 5-mm detector, two different
gains are usually employed: a low gain for ions thét stop in the silicon detector and a high gain for
ions that pass through to the plastié detector. | |

In meeting our first design criterion, silicon detectors offer important advantages over gas or
scintillation detectors. They have better energy and charge resolution and a more linear response,
over a wide range of energies that is nearly independent of the charge of the detected particles. In
addition, they have a high stopping power (dE/dx) for heavy ions. The energy range of ions which
stop in a 5-mm silicon detector is shown in fig. 2, where the ranges[19], in silicon of
representative ions from helium through xenon, are plotted as a function of energy. The horizontal
lines correspond to the thicknesses the 300-tm Si and 5-mm 'Si(Li) detectors used in the array.
Heavy-ions (Z < 54) with >25 MeV/u punch through the 300-pm detector, while ions with Z > 16
and <100 MeV/u will stop in the 5-mm detector. The relatively high energy threshold of the 300-



pm Si detector is only a minor drawback in reverse-kinematics reactions, since mosf of the reaction
products are emitted with nearly beam velocity.

Our second design goal of measuring the transition from two-body to multi-body decay
requires that the array have sufficient granularity and efficiency to detect several fragments in
coincidence. The previously mentioned characteristics.of reverse-kinematics reactions allowed for
the design of a segmented array of modest size with each modular telescope roughly 5 x 5 cm?2 in

.'cro_s's sectional area.

To achieve our third design goal of a flexible configuration, a modular telescope design was
chosen. Most 41t detector arrays are designed for normal kinematics where the reaction kinematics
vary slowly with the bombarding energy. In such arrays the defector elements, whose shapes are
usually truncated polyhedrons [8-12], can be designed to be placed at a fixed distance from the
target. Inreverse kinematics the reaction kinematics ohange rapidly with bombarding energy and it
is necessary to adjust the detector configuration. The mount was constructed so that the array

- could be positioned at different distances from the target with the front face of each telescope

normal to the target.

| 2.2 . Detector Specifications and Fabrication

Two types of silicon detectors are used in each array telescope[20]. The 300-pm device is an
oxide passivated diffused junction n*p diode fabricated from 5000 Q-cm p-type silicon. The 5-mm
device is a lithium-drifted silicon diode, Si(Li),. fabricated from 1000 Q-cm p-type silicon. Both of
these devices were fabricated by the Silicon Detector Laboratory at Lawrence Berkeley Laboratory
(LBL). Diffused-junction silicon detectors are made by diffusing an n-type impurity into the p-
type material under high temperature conditions[21]. This procedure 'producos thin, rugged and
stable detectors. Lithium-drifted silicon detectors are produced by diffusing lithium onto the
surface of a p-type silicon crystal, and drifting it through the device to form a compensated
region[22]. This produces thick detectors capable of stopping fragments»with. relatively high

energy. For both devices a square geometry was chosen to facilitate close packing of adjacent
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telescopes. Better packing could be achieved with silicon detectors having more complicated
shapes. However, larger costs were anticipated to make these more complex devices.

The front faces of the silicon detectors are 50.8 x 50.8 mm? squares, and have active areas of
44.8 x 44.8 mm?2. A plan view of the device with the dimehsions and their allowed tolerances is
shown in fig. 3. The size of the active area was set by the commercial availability of 3-inch
diarheter silicon crystals and the fabrication requirement tha; the lithium-drifted devices have a dead
area of at least 3 mm around the edge of the device. The 300-um Si detectors were made from 3-in
diameter wafers with a thickness of 381 £ 10 pum, and etched in stages to an average thickness of
about 290 um. The thickness nonuniformity of these devices ranged from 2 - 10%. The 5-mm
Si(Li) detectors were cut from 3-in diameter material, and lapped to have an average thickness of
4.88 £ 0.07 mm. The thickness nonuniformity of these devices is £50 pm (<2%). Total entrance
window thicknesses were typically 1 um and 25 pm for the 300-um and 5:mm detectors,
respectively.

Both types of silicon detectors are position sensitive in one dimension and provide position
information using the method of resistive charge division. In 'this method, the position signal
(XAE or YE) is equal to the deposited energy (E) of the incident particle multiplied by the ratio of

the distances between the ground contact and the point of incidence (AL) and the total length of the

resistive layer (L); that is,

AL
YE=E—I~:. (1)

In a telescope, the position-sensitive dimensions of the 300-tm and the 5-mm silicon detectors are
oriented 90° relative to each other to determine the X- and Y-position of the charged particles
traversing the telescope.

Calibration of position-sensitive detectors having a continuous resistive layer is typically
performed by placing a position mask in front of each detector. However, this procedure is

cumbersome, greatly decreases the counting rate and requires separate calibration runs. With the



Si-Si-P1 Array, position calibrations of the tclescopes are unnecessary because the silicon detectors
are self-calibrating. This is accomplished by creating a resistor chain across the front face of the
device using strips of low resistivity maierial separated by gaps of high resistivity material. In
such devices, the ratio of the position and energy signals has discrete levels. The dimensions of the
strips and gaps are determined by two factors: (1) the number of strips necessary for good
position resolution based on the typical size and.divergence of the LBL Bevalac's beam spof, and
(2) the gap size needed to achieve a resistance of 100 £ between each strip on the 300-pum Si
detector; this value was expeﬁmcnfally- determined to give optimal peak-to-valley separation of the
peaks in the position spectrum. |

The active area of each type of device is divided into 15 strips of 2.42 mm, and 14 gaps of
0.607 mm, as shown in fig. 3. The strips ori the 300-um Si detectors are implanted using 25-keV
boron ions. The low resistivity strips have a boron concentration of ~2 x 1014 atoms/cm?,
whereas the high resistivity gaps have a lower concentration of ~3 x 1013 atoms/cm2. The resistor
chains are produced on the 5-mm Si(Li) detectors by evaporating a very thin layer of palladium
over the entire device, and then evaporating gold strips on top of the palladium layer. Two gold
position contacts are evaporated parallél to the position s_trips along the front edges of each device.
The back of the 5-mm Si(Li) device was cvaporated with gold to make the energy signal contact; a
small square of aluminum was evaporated on 'thc back of the 300-pm Si device to makebits energy
signal contact.

The very thin palladium (Pd) resistive layers are difficult to produce and the resistance values
sometimes change with time. More recently, an alternative fabrication technique has been utilized
that produces more stable resistances. In this technique, the resistive division is achieved by laying
down two strips of Pd, perpendicular to the gold strips. Because the thin Pd strips can be much
thicker ﬂlan the Pd sheet and still produce the same resistance, better uniformity of the resistance is
achieved.

The Bicron BC-400[23] plastic scintillator used in the array telescope is a common type of

plastic scintillator. It has a high light output (65% of anthracene), good light transmission
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properties and a décay time of 2.4 ns. Each scintillator detector has a simple rectangular geometry.
The entrance window is 52.1 x 52.1 m‘m2 and the length is 76.2 mm. The dimensions of the
complete detector, including light-tight epoxy paint around the detector, light guide,
photomultiplier tube and base, are 53.0 x 53.0 x 280 mm?3. The entrance window of the detector is
made light tight by evaporating a very thin layer (2.5 um) of aluminum on it, and is polished to a
mirror finish. The window thickness is kept as thin as possible to minimize the energy loss of
particles entering the detector. An RCA model 2060 photomultiplier tube (PMT) [24] with a ten
stage dynode is coupled to the plastic by a Lucite light guide. The PMT and base are covered by a

mu-metal shield having a diameter of 45 mm.

2.3 Array Telescope Design
Three connecting modular elements, each containing one detector, compose ah array
telescope. Each detector is mounted in a self-contained package fabricated with pieces of Nema
G10. This material was used for the detector packaging because it is strong, a good insulator, and
available with copper éladdi_ng which allows for electrical contacts. The front face of each package
is 55.0 x 57.0 mm?, and the active area is 64% of the total area of each telescope.
‘ The individual components that make up a telescope are shown in an exploded view in fig. 4.
In front-to-back order: frame A holds a gold foil deposited on a thin sheet of polypropyléne which
is used to suppress low-energy electrons and x-rays. Frames B, C, Teflon A and frame D
compose the package for the 300-pum Si detector. The detector fits inside frame C, and Teflon A
acts as an insulator and spacer. The frames are held together by four screws located at the corners
of the package. The 5-mm Si(Li) detector package is of a similar design. It is composed of frames
E, F, Teflon B and frame G, with the detector fitting inside frame F. The package for the plastic
detector is a rectangular cavity formed by pieces of G10 glued together, which have copper
cladding on the exterior only, and are connected to an aluminum back plate. This package was

designed to slide over the PMT, to completely cover the sides and back of the plastic detector, and

to be secured to the PMT using set screws in the back plate.
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‘A key feature in the design of the detector packages that allows for close packing of the
telescopes is the use of small pin and socket connectors [25] to carry the signal from one modular
element to the next. These connectors use a twist pin contact that corhpresses when the pins are
connected, which provides electrical contact, alignment and mechanical support of the detector
packages. Each modular element has eight connectors, four on each 55-mm side. The connectors
provide én’isolated path through the telescope for the six signals: two X-position signals and an
~energy signal for thé 300-pm Si detector, two Y-position signals and an energy signal for the 5-
mm Si(Li) detector, and two additional connectors which carry no signal and are available as spare
signal lines. For each detector, one of the two position signals is terminated to 50 Q. Fig.Sisa

photograph of the three detectors elements and their associated packaging.

2.4 Array Mount Design |

The mount for the array was designed to arc in both the horizontal (X) ahd vertical (Y)
direétions. This allows the rectangular faces of the array telescopes to move on a surface of a
sphere by adjusting. horizontal and vertical arcs on .the mount to the proper opéning angle,
determinedrby the distance of the array from the target. Fig. 6 is a front elevation of a 3 x 3
configuration showing the geometrical difference between a flat wall (a), where the sides of the
telescope packages toﬁch flush against each other, and squares on a sphere (b), where only the
corners of the outermost telescope packages touch. By adjusting the arcs 6f the mount, the centers

of each telescope are kept normal to the target. In this way, only small corrections are needed to
- convert the internal coordinates X and Y to the spherical coordinatés O1ab (in-plane angle) and @y
(out-of-plane angle). By designing the array to be placed at different distances from the target, a
small loss of active area résults with a corresponding decrease in the coinéidence efficiency. Gaps
between the telescopes develop as the array opens, becoming Widest whén the array is closest to
the target (d = 35 cm). At distances greater than 3 m from the target, the mount can collapse on

itself to form a wall, since the opening angle is less than 1°.



Because the detected fragments have a large range of energy and mass, it is useful to calibrate
each telescope with a number of calibration beams of different energies and masses. At
intermediate energies the grazing angles are very small (<5°) and elastic scattering reaches only the
most forward telescopes. To facilitate the calibration of the energy response of the detectors,
motor-driven mechanical mounts were built to provide motion in both the horizontal and vertical
directions. To map out the response aﬁd to measure the non-uniformity of the AE detectors as a
function of the X and Y positions, each telescope is positioned in the beam direction and exposed
to several calibration beams. Typically, each detector is moved slowly across the beam. By
calibrating the telescopes as a function of position and correcting for nonuniformities, significantly

improved particle identification can be achieved.

Initia_lly, the silicon detectors were operated in vacuum withoqt cooling. However, it was
observed that the leakage currents increased with time after evacuating the scattering chamber and
recovered after letting up to atmospheric pressure. This behavior Was attributed to the heating of
the silicon detectors by the PMTs in vacuum and their subsequent cooling in atmosphere. Since
silicon detectors have better performance characteristics when cooled and because radiation damage
is suppressed, a cooling system was installed. Cooling lines are attached from an alcohol
refrigerator to the outside of the telescope mount, as it is difficult to cool the detectors direcﬂy, due
to the close-packed mount. Even with poor thermal contact to the detectors, the detector
temperatures are reduced with a corresponding reduction of the detector leakage currents. With the

cooling on and applied voltages of 700 V imd 100 V, the leakage currents of the E and AE detectors

are typically less than 5 uA and 1 pA, rcspectivély.

2.5 Electronics

Because of their large areas, the thin AE detectors have large capacitances and slow risetimes
(tr ~200 ns). The very thick 5-mm detectors have even slower risetimes (t; ~ 500 ns). Such slow
risetimes require long shaping times to insure that all of the charge from an event is collected. In

addition, the substantial resistive layer on the detector causes the signal risetime to vary with
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position across the device: Furthermore, the collection time varies with the ranges of the fragments
in the detector [26]. To maintain a linear response for fragments over a very large Z range, a 4-ps ,
peaking time is used for the linear shaping amplifiers. |

- A typical electronics scheme for the Si-Si—PlvAnay is shown in fig. 7. An event trigger is
generated by a coincidence (At ~ 500ns) between the 300-itm Si and the S-mm Si(Li) detector of
any of the array teles?:opes. The timing of the teIesc_opes is limited by the .5-mm detectors, whose
Signals have both a poor risetime and a position dependence. Each detector that fires sets a bitin a
bit..register and Stops a time-to-digital converter (TDC). Light-charged particles (Z < 3) are not
taken unless 'accompanied by a heavier fragment. Constant fraction discriminators on the AE
det_ectors are set to exclude particles with Z < 3). Enefgy signals from the two silicon detectors of
each telescope are sent to peak-sensitive analog-to-digital converters (ADC's).

To identify a light-charged particle that punches throﬁgh to the plastic detector, this signal is
sent to a charge-to-digital converter (QDC). In addition, a high-gain signal from each silicon
detector is sent to a peak-sensitive ADC. The high-gain signals are obtained by post amplifying the
linear output of the shaping amﬁliﬁer by an additional factor of .10 to 40. Because of the high count
rates in the plastic defectors, a fast clear is employed to reject events that only trigger a plastic
detector.

When a valid-event trigger is received, the ADC's and TDC's corresponding to the channels
with set bits are read out. The event trigger is vetoed by the computer deadtime. The data are
processed by a VME data acquisition system and written event-by-event on magnetic tape and to

- disk for on-line monitoring by a dedicated computer.

2.6 Experimental Conﬁgitrations

‘Several conﬁgurations of the Si-Si-P1 Array have been used in experiments performed to
date. In each configuration the mou.nt for the arr‘ay was adjusted to the kinematics of the reactions
studied, and to conforrh to the scattering chamber in which the experiment was performed. In figs.

8 & 9 two examples of array configurations used are shown.
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-To study lower energy reverse kinematic reactions, where the reaction products have a larger
relative transverse velocity component, two 3x3 arrays were placed to either side of the beam (see
fig. 8) to obtain greater angular coverage [6]. In a second configuration, two 3x3 arrays were
placed one behind the other (see fig. 9), the array farthest froml the target subtends the central
opening in the closer array. This latter configuration was used to study 238U-, 197Au-, and 129Xe-
induced reactioﬁs at 50 MeV/u [16,18]. The advantage of this array configuration is that even the
very heavy reaction products which are emitted at small angles with near beam veloéities can be
detected. In this same configuration, Si-Si-Pl Array was most recently used as a forward angle
array together with the MSU Miniball [12] to give complete 4 coverage.

For some experiments at higher energy, a second 5-mm Si(Li) detector was added to each
array telescope in order to stop particles of higher energy in the silicon detectors, which have a
more linear response than the plastic detector. This was accomplished by taking advaﬁtage of the
two unused pin and socket connectors in the modular detector elements. In a 3x4 configuration

these telescopes were used to study reactions with beams of 80- and 100-MeV/u 139La on 12C and

27TA1[17].
3. Detector Performance

In this section results from various 129Xe- and 139La-induced reactions will be used to "

illustrate the calibration techniques and the performance of the telescopes.

3.1 Position Calibration and Resolution

As mentioned earlier, the silicon detectors are self calibrating in position by design, and no
special runs are required for calibration. In fig 10, the 15 strips of a S-mm Si(Li) detector are
clearly resolved in a density plot of the position (YE) signal plotted as a function of the energy (E)

signal. The lowest line corresponds to the strip farthest away from the signal contact.
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The pbsition linearization is performed using a method outlined by Kaufman [27]. The
distance Y from the grounded end of the detector is given by:

Y = (YE - P)/(E - Eg)
where P and Eg are r¢1ated to, but not necessarily equal to, the electronic base-line offsets. Their
values are chosen to eliminate any dependence of Y on the energy. In fig. 11 a typical spectrum of
the corrected position is displayed for an optimal choice of Py and Eq, demonstrating the good

position resolution of these detectors.

32 Energy Calibration and Resolution _

The energy calibrations are obtained by directly exposing the 300-um Si and 5-mm Si(Li)
detectors to low intensity single or multiple calibration beams with masses between A = 12 and
139. In addition, p, d and a-particle beams are utilized to calibrate the plastic scintillators. The
intensity of the calibration beams is adj'usted to <100 particles/sec so as to minimize the radiation
démage to the silicon detectors. By using multiple beams, an extensive energy calibration of the
silicon detectors could be. performed in a relatively short amount of beam time. To perform the
equivaleht energy calibration with individual beams, the calibration time would exceed the datav
taking time. |

The Bevaléc, which consists of the coupled SuperHILAC and Bevatron accelerators, can
accelerate multiple-ion species having the same charge-to-mass ratio[28]. An example of a multiple
calibration beam (45-MeV/u 14N4+, 285i8+ 56Fel6+ and 84Kr24+) produced at the Bevalac is
shown in fig. 12. This quadruplet beam consists of four ions having a charge-to-mass ratio of 2/7.
To produce a duadruplet beam, the charge-to-mass ratio of all four ions is kept the same at all
stages of the acceleration from the ion source through the SuperHILAC and the Bevatron. Ions
with a chargc—t.o-mass ratio of 1/14 (14N1+, 2882+ S6Fe4+ and 84K r6+) are produced in the ion
source by introducing nitrogen and krypton as gases, while the iron and silicon are introduced
from an iron sputter electrode with a silicon insert. Ions with a chafge-td-mass ratio of 1/14 are

first accelerated through the prestripper of the SuperHILAC, where they are stripped up to a
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charge-to-mass ratio of 2/7. These ions are further accelerated through the poststripper to 5 MeV/u
and injected into the Bevatron, where they are accelerated to 45 MeV/u.
| To expose all of the detectors to a calibration beam, the in-plane télcscopcs are swept across
the beam, then the array is raised or lowered remotely and the out-of-plane telescopes are then
swept through the beam. The 5-mm Si(Li) detectors ére calibrated without the 300-um Si detectors
in front. The measured energy in the 5-mm- Si(Li) detectors, with and without the 300-pum
detectors in front, is then used to calibrate the 300-um Si dctcctors. Finally, the 5-mm detectors afe
removed and the plastic detectors are calibrated with (praxticlc and other light ion beams.
Corrections are made for the pulse-height defect in the 5-mm Si(Li) detectors using the
systematics of Moulton et al.[29], in which a simple power-law formula is dérived to calculate the
energy loss due to the pulse-height defect as a function of the measured energy and charge of the
‘ion. No correction for the pulse-height defect is made for the 300-pum Si detector, because the
identified particles do not stop in this detector. Corrections for energy losses in the target and the
Au-absorber fbils in front of telescopes are made using range energy tables{19]. An energy

resolution of 1 % is easily achieved over a very broad dynamic range.

3.3 Particle Identification

For a AE-E telescope a plot of the energy lost in the transmission detector versus the energy
deposited in the stopping detector gives an intensity pattern of aitemating valleys and ridges (see
fig. 13), where each ridge corresponds to fragments with a different atomic number (Z). The large
dynamic range of the silicon telescope allows the idéntiﬁcation of the Z ridges for all atomic
numbers up to the projectile (Z = 54) in this case. By applying a suitable identification algorithm,
the charge of the detected fragment is extracted from the mcasﬁred E and AE signals. An example

of the charge spectrum from one telescope is shown in fig. 14. Each peak corresponds to a

different element. After correcting for nonuniformities in the thickness of the AE detector, excellent
Z resolution is obtained as can be seen from fig. 14 where individual elements are resolved over

the entire range of the detected fragments.
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By utilizing the high géjn signal from the 5-mm detector and the plastic signal, AE-E contour
plots are constructed. Light fragments that punch through the 5-mm detector and stop in the plastic
detector are also identified. In fig. 15 isotopic resolution is observed for hydrogen, helium and
lithium isotopes. For Z = 1, three strong lines cofresponding to p, d and t are seen with a
substantial number of high energy events (> 100 MeV/u) which punch through the 7.6 cm plastic
detector. A very strong 4He line is observed along with weaker 3He and 6He lines. Weak 6L, 7Li
and 8Li lines are also observed, as well as a few high-energy beryllium isotopes in the upper ﬁght

hand corner of fig. 15.

3.4 Coincidence events

The Si-Si-P1 Array has been used to study binary and multi-body decays of hot nuclear
systems formed in a number of reverse-kinematics reactions. For 40-MeV/u 139La-i‘nduced
reactions on four targets, the total charge detected in the array is plotted in fig. 16 for 2-, 3- and 4-
fold coincidence events. The very asymmetric 139La + 12C reaction forms a warm nuclear system
with very little missing charge, presumably in the form of evaporated light charged particles. Thesé
data show that this warm system decays into two or three large fragments, which contain a'very
large fraction of the total charge present in the entrance channel (Zentrance = 63). For the hotter
1391.a + 27Al system, more charged particles are emitted and a smaller fraction of the entrance-
channel charge is contained in these 2-, 3- and 4- fragment events. For the very hot 139La + 5 1V,V
natCy systems, only about 50% of the entrance-channel charge is measured when four fragments
are detected. These very hot systems emit several complex fragfnents and a large numbér of light '

charged particles for which the array is not very efficient.
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- 5. Summary

In this paper we have discussed the design, fabrication and performance .of a Silicon-Silicon-
- Plastic Array for the detection of complex fragments produced in intermediate-energy reverse-
kinematics reactions. The three-element .telescopes have a large dynamic range and are capable of
detecting with good position, energy and charge resolution, a lé.rge range of fragments, from light
charged particles up to Z ~ 55. The modular design of the array telescopes and the adjustable two-
dimensional mount for the array have proven to be flexible and adaptable. This array has been
utilized to study several reaction systems. Examples of both binary and multi-body decays of hot

nuclear systems observed with this array have been presented.
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Figure Captions

Fig.

‘Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

1

10

Schematic diagram of a reverse kinematics reaction. When the source velocity Vi is larger
than the emission velocity Ve, the deéay products are strongly focused in the laboratory
system. An example is shown where two fragments (A & B) are emitted both forward
and backward in the center-of-mass system and are detected at the same laboratory angle

0.
Range of selected heavy ions in silicon as a function of particle energy. The horizontal

- lines show the thickness of the 300-pum Si and 5-mm Si(Li) detectors.

Plan view of the position strips on the front face of the 300-pum Si and 5-mm Si(Li)

 devices used in the Si-Si-P1 array. ‘Each device has 15 strips 2.42 mm wide and 44.80

mm long. Between the strips are 14 gaps, each 0.607 mm wide.

Exploded view of the Si-Si-Pl Array telescope showing the components of the detector
packages.

 Photograph of the three detector elements which make up a teiescope.

Comparison of two geometries for the front face of a 3 x 3 array: (é) flat wall geometry,
and (b) squares on a sphere geometry. ' '

A schematic electronics diagram for the Si-Si-Plastic Array.

Two adjacent 3 x 3 Si-Si-Pl arrays. Typically, the beam passes between the left and right
secions of the array. However, for this photograph, the array is no longer centered about

the beam ax_is. :

Two 3x3 Si-Si-Pl arrays positioned about the beam. The beam passes through the central

position in each array.

For the 40-MeV/u 139La + 40Ca reaction, a density plot is shown of the raw position
(YE) signal plotted as a function of the energy (E) signal from a 5-mm Si(L1) detector.
The 15 strips of the 5-mm Si(Li) detector are well separated.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

11

13

14

15

16

For the 40-MeV/u 13%9La + 40Ca reaction, the calibrated Y position is shown for one of
the 5-mm detector. Each peak corresponds to a different strip on the detector. The
position is expressed as the distance, in mm, from the grounded edge of the detector.

Energy spectrum of a 5-mm silicon detector exposed to a quadruplet beam of 14N4+,
28318+, 56Fe16+ and 84Kr24+ from the Bevalac. These four calibration beams have the

same charge-to-mass ratio (Q/A = 2/7) and were simultaneously accelerated to 45 MeV/u.

For the 50-MeV/u 129Xe + natCy reaction, the density plot of AE vs E clearly shows the

ridge lines corresponding to different elements.

For the 50-MeV/u 129Xe + natCy reaction, corrected and projected charged-particle
spectrum showing identification of all elements up to the projectile (Z = 54).

For the 50-MeV/u 129Xe + natCy reaction, the density plot of AE (5 mm) vs E(plastic)
shows the isotopic resolution for hydrogen, helium and lithium isotopes. '

For 2-, 3- and 4-fold events, the total charge detected in the array is plotted for the 40-.
MeV/u 139La + 12C, 27A1, 51V, & "atCy reactions. '
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