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A light heavy ion detection system which consists of a gas-filled ionization chamber (IC) connected to a scattering chamber via a 
time-of-flight (TOF) system has been constructed. The entrance window of the IC has an area of 14 × 40 cm 2, the active depth is 115 
cm. Filled with CF 4 at a pressure of 350 Torr, the energy range for t2C and ~Ar is 5-20 MeV/A and 6-30 MeV/A, respectively. The 
TOF system consists of two parallel plate avalanche counters with a flightpath of 70 cm or 170 cm in between. The IC has been tested 
with 12C ions at an energy of 39 MeV, The energy resolution of the IC (1.1%) is mainly determined by the energy straggling in the 
foils of the TOF system and the ionization chamber. The energy-loss resolution is 3.5%, the horizontal position resolution varies 
between 6 and 20 mm and the vertical position resolution is 2 mm. The time resolution of the TOF system ranges from 800 ps for 4He 
at 5.0 MeV, to 280 ps for 2SSi at 55 MeV. 

I. Introduction 

In peripheral collisions between medium heavy 
targets (A = 40-60) and light heavy ions (A = 16-40) at 
intermediate energies ( E  = 10-30 M e V / A )  a large part 
of the cross section has a projectile-like fragment and 
one or more light (Z~< 2) particles in the final state 
[1,2]. In order to detect the highly energetic projectile- 
like fragments, a system was constructed which consists 
of two major parts: (1) a scattering chamber with a 
diameter of 60 cm in which several light-particle tele- 
scopes can be placed and (2) a light heavy ion detection 
system which consists of a gas-filled ionization chamber 
(IC) placed at 1 m distance from the target with a 
time-of-flight (TOF) system in between (see fig. 1). 

The use of a gas-filled ionization chamber [3-8] has 
several advantages in comparison to surface barrier 
detectors: (1) it can have a large solid angle (50 msr), (2) 
it does not suffer from radiation damage, (3) by adjust- 
ing the pressure in the detector the effective thickness 
can be changed easily and (4) it does not show a 
pulse-height defect due to nuclear collisions or plasma 
recombination. Also, simple techniques are known to 
measure the position of the ions in the detector. 

Two gas-filled timing detectors (parallel plate 
avalanche counters, PPAC [3,6,9]) are the main compo- 
nents of the T O F  system. This system is positioned in 
the flight path of the ions from the target to the ioniza- 
tion chamber. 

The ionization chamber and the T O F  system were 
tested with 12C ( E  = 39 MeV) beams accelerated by the 
EN tandem in Utrecht. Energy, position and time reso- 
lutions, obtained from the data, have been compared 
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with calculated values. As a result of the test runs sman 
improvements in the setup have been carried through. 

Sections 2 and 3 will give an outline of the construc- 
tion and characteristics of the IC and the PPACs, 
respectively. Data on the performance of the IC and the 
PPACs will be presented and discussed in sections 4 
and 5, respectively. The last section (6) will give some 
concluding remarks. 

2. The ionization chamber 

The ionization chamber (fig. 2) is a slightly modified 
version of the " M a m m u t "  detector developed at GSI 
Darmstadt  [5]. It is connected to the scattering chamber 
via a flight path with a length of 0.7 m or 1.7 m (see also 
fig. 1, shown is the 0.7 m flight path). Together with the 
scattering chamber it can be rotated over 60 °, covering 
all angles between 0 ° and 70 °. The large entrance 
window (area 14 × 40 cm 2, dO = 50 msr with a flight 
path of 0.7 m) consists of a perspex frame which enters 
the detector for 7 cm. A thin (2~m) mylar foil, sup- 
ported by horizontally stretched steel wires (diameter 
0.1 mm) with a spacing of 2.5 ram, is glued to the 
perspex frame. Five vertical supports (1.5 mm thick) are 
positioned every 70 ram. This geometry yields a trans- 
mission of 94%. The window can stand a pressure 
difference of about 350 Torr. The support wires are 
connected to a potential divider in order to achieve a 
homogeneous electrical field along the foil. Field shap- 
ing electrodes in the middle and on the top and bottom 
sides of the perspex frame are also connected to the 
potential divider. 
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Fig. 2. Schematical side view of the heavy-ion ionization chamber. W: mylar window (2 fire), C 1 and C2: cathodes, negative bias 
(0.5-2.5 kV), FG: Frisch grids, 50/~m Cu-Be wires spaced 1 mm apart, grounded, A0-A4: anodes, positive bias (0.5-1 kV), A~ and 
A 2 are position sensitive, and PC: printed circuit board with stripes which form a potential divider. The lower part of the ionization 
chamber is identical to the upper part. 

Four cathodes, positioned in the middle of the cham- 
ber divide it into two symmetrical parts. The upper and 
lower cathode in the front part of the detector are 
electrically coupled together as well as the two cathodes 
in the back part of the detector. All cathodes are put on 
a negative bias with respect to the grounded Frisch grid. 
Between the cathode and the Frisch grid potential di- 
viders, made out of stripes etched on printed circuit 
board, are used to shield the sensitive volume of the 
counter from field disturbances induced by the grounded ~ / 2 5  I ~1 490 
walls of the detector chamber. The Frisch grid consists _ ~_ 
of a frame made out of 2 mm thick steel on which 1200 --~50 ~ -- l 
Cu-Be wires (diameter 50/xm) are glued with a spacing - - b O -  - -/ 
of 1 mm. The distance between grid and cathode varies / 
between 10 cm and 15 cm. This incfination allows the 1200 / 
particles to enter the detector with a large out-of-plane ~ _  / 
angle (vertical position) without hitting the grid. ~- / 

A drawing of the anode layout is given in fig. 3. The / first three anodes (A0, A 1 and A2) are made out of 
printed circuit board and are fixed on a 2 mm thick 1870 

perspex plate. The anode A 0 is positioned for the major 
/ 

part above the perspex frame of the entrance window / 
and is mainly used for field shaping purposes. It is / electrically connected to anode A 3. Both anodes A 1 and 
A z have been made position sensitive in the horizontal 
direction by using the "saw-tooth" method [10] (see fig. 
4). The anodes A 3 and A 4 are made out of 2 mm thick ~ t  _ ( 
stainless steel plates. The Frisch grid and anodes are 1220 
positioned parallel to each other at a distance of 3 cm. ~-- 
All anodes operate at the same positive bias. To prevent 
electrons from hitting the grid wires the electrical field 
between anodes and grid is chosen twice as high as the 

field between cathode and grid [8]. A minimum condi- 
tion for the electrical field is also given by the risetime 
of the anode signals which should be less than 0.5 #s. 

The vertical position (y) is determined from the drift 
time of the electrons from the particle track to the 
Frisch grid. A start signal is obtained from one of the 
timing detectors in front of the ionization chamber (see 

P 
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Fig. 3. Dimensions of the five anodes A0-A 4 in mm. The 
anodes A 1 and A 2 are position sensitive in the horizontal (x) 
direction. 
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Fig. 4. Detailed view of the first three anodes A o - A  2 (dimensions in ram). W gives the projection of the entrance window on anode 
Ao. Q1L, QJR, Q2L and Q2n denote the signals from the anodes, anode A o is electrically connected to A 3, d is the width of one 
segment (10 mm). 

section 3). The stop signal is obtained from the signal of 
the second or third anode. 

The horizontal position (x )  is measured by dividing 
the first and second anode into two parts, which are 
electricaUy separated. Each anode consists out of 5 
segments with a width d (fig. 4). If the stopping power is 
constant over one segment of the anode, the horizontal 
position x of the particle ( - 1 ~< x ~ 1) will be given by 
po]: 

E R -- E L 
X ER + El  , (1) 

where E R and E L are the energy losses under the right 
and left part of the anode. 

The signals of 14 charge-sensitive preamplifiers (12 
anode signals and 2 cathode signals) are processes by 
home-built  main amplifiers which are connected to 2K 
C A M A C  ADCs. The signal from anode A 2 or A 3 is also 
fed into a timing single channel analyzer (Ortec 455) in 
order to obtain a stop signal needed for the y readout. 

The large volume of the IC can be pumped down to 
a pressure of 0.1 Torr with a roughing pump. By open- 
ing a large valve between the flight path and the 1C, a 
pressure of 10 -4 Torr can be reached in the ionization 

chamber before filling the chamber with the detector 
gas. A differential pressure meter [11] measures the 
pressure difference between the IC and the flight path 
with an accuracy of 0.5 Tort. Since the radiation damage 
to the gas is small no flow system has been installed. 

Isobutane (C4Hlo) and carbon tetrafluoride (CF4) 
are used as gas fillings since these gasses yield a maxi- 
mum stopping power. The pressure in the IC is limited 
by the entrance foil to 350 Torr. With CF 4 at this 
pressure the maximum energy for which incoming par- 
ticles are fully stopped in the sensitive depth of the 
chamber (115 cm) is 20 M e V / A  for ~2C ions and 30 
M e V / A  for 'mAr ions. The minimum particle energy is 
determined by the condition that at most 75% of the 
particle energy is lost under the first anode A t (5 cm 
deep). Additionally the energy loss under the first anode 
A~ should be larger than 15 MeV to achieve a sufficient 
position resolution in the horizontal plane (see section 
4). With CF4 at a pressure of 350 Torr the minimum 
energy is 5 M e V / A  for 12C and 6 M e V / A  for 4°Ar. 
Stopping powers have been calculated with formulas 
taken from ref. [12]. Corrections have been made for 
energy losses in the entrance foil. 
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3. The time-of-flight system 

There are two reasons to install a time-of-flight 
(TOF) system in front of the heavy-ion detector. First 
of all the mass of the incident particle can be de- 
termined from its velocity as measured by the TOF 
system and its energy, measured by the ionization 
chamber. Secondly, since all signals from the ionization 
chamber are delayed by a few microseconds, due to the 
electron drift time in gasses, no prompt signal in the 
nanosecond region is available from the ionization 
chamber which can be used for coincidence studies. 
Timing detectors with a large area can be divided into 
two types, (1) the low pressure multiwire proportional 
chamber (LPIVlWPC [13]) and (2) the parallel plate 
avalanche counter (PPAC [3,6,9]). In this setup two 
PPACs have been installed because of the simplicity of 
the detector design. 

The small start detector of the T O F  system is posi- 
t ioned in the scattering chamber at a distance of 20 cm 
from the target. Its active area is 50 × 100 mm 2 and 
covers the complete solid angle of the ionization cham- 
ber. The large stop detector with a total active area of 
140 × 390 mm 2 is placed just in front of the ionization 
chamber. The pressure foils are made out of 2 ~tm thick 
non-aluminized mylar whereas the electrodes are made 
of 2 /~m thick stretched, aluminized mylar foils, which 
are glued onto epoxy glass frames. To ensure good 
electrical connections to the electrode foils a contact 
ring is fixed directly on the aluminized side of the foil 
with a 2 mm screw. Small plastic rings with a thickness 
of 2 mm are used to keep the spacing between the anode 
and the cathode foil at 2 mm within 10 ~m. 

An estimate of the electronic time resolution ~t e of 
the PPAC is given by [3]: 

~to -- t r v j v p ,  (2) 

where t r is the risetime of the signal, Vp is the pulse 
height and V n is the noise on the signal. Eq. (2) shows 
that in order to minimise the time resolution the compo- 
nents of the PPAC should be chosen in such a way as to 
minimise t r and to maximise Vp. The electronic risetime 
of the system is given by: 

tro = Rc~o.o ,  (3 )  

where R is the input resistance of the preamplifier (50 
/2) and Cppac is the capacitance between the PPAC 
anode and cathode. To achieve a minimum risetime, ire 
should be equal to or less than the intrinsic risetime t o 
of the PPAC pulse. The small PPAC has Cpv,c = 70 pF, 
which gives ire = 3.5 ns. Since this value is of the order 
of the intrinsic risetime t o (1 -2  ns) no large improve- 
ment of die can be obtained by reducing Cppac. For the 
large PPAC however, the value of Cpo~¢ for the total 
active area is 400 pF. This would yield a risetime of 20 
ns. During the test runs the large PPAC was therefore 

divided into two electrically divided parts (with Cppa¢ = 
200 pF), with separate preamplifiers connected to both 
parts. 

The pressure and gas flow in the PPACs is main- 
tained by an electronic circuit which consists of a dif- 
ferential pressure meter between the PPACs and the 
flightpath (accuracy 0.05 Torr), a pressure readout unit, 
a pressure control unit and a regulation valve. The 
system is pumped by a separate roughing pump. A 
needle valve with flow meter is used to adjust the 
amount  of gas flow (typically 102o molecules/s).  This 
totally refreshes the gas in the PPACs every 15 rain. The 
pressure control unit keeps the pressure constant within 
0.02 Torr. 

4. The performance of the ionization chamber 

First tests with the ionization chamber were per- 
formed with a 12C beam ( E  = 39 MeV), accelerated by 
the EN tandem of the R.J. Van de Graaff  Laboratory in 
Utrecht. The centre of the detector was positioned at an 
angle of 30 ° with respect to the beam. A thin gold target 
(320 /xg /cm 2) was used to scatter beam particles into 
the detector. To measure the position resolution and the 
position dependence of the energy signals a perspex 
mask with 80 holes (each with a diameter of l mm) was 
placed just in front of the detector. The holes were 
divided in 8 rows of 10 holes with a vertical spacing of 
10 mm and a horizontal spacing of 35 mm. Test runs 
were performed with and without a PPAC placed in 
front of the IC in order to study the influence of energy 
straggling in the foils of the PPAC on the energy signals 
of the IC. Since the IC is fully symmetric only results 
for the upper part of the chamber will be given. 

Two kinds of gases were used, both at two pressures: 
isobutane (C4HI0) at pressures of 38 Torr and 150 Torr 
and carbon tetrafluoride (CF 4) at pressures of 40 Torr 
and 160 Torr. Other gases were not considered, since 
the large stopping power of C4H10 and CF 4 is needed to 
stop very energetic (10-30 M e V / A )  particles. The ranges 
of 12C, calculated with the stopping powers taken from 
ref. [12], were 12 cm and 50 cm for the high and low 
pressures, respectively. At the higher pressures, the in- 
coming particles were almost completely stopped under 
the second anode. Therefore, only anode 1 was used as 
a position sensitive device. The left and fight side of 
anode 2 were electrically connected with each other and 
the signal was used as a stop signal for the y readout. 

In order to obtain a drift time between 5 and 10 #s 
the cathode bias was adjusted at 500 and 1500 V for 
C4H10 and at 70 and 200 V for CF4, at low and high 
pressure, respectively. Due to the non-rectangular geom- 
etry the electrical field at the end of the detector is a 
factor 1.5 lower than at the front of the detector. This 
gives a maximum variation in electron drift time of a 
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factor 2-3 for anode A 4. During the test experiments 
however, the range of the incoming ions was limited to 
50 cm, which gives a variation in drift time of a factor 
1.3 for anode A 4. This did not influence the energy 
signals. The different values of the electrical field for 
C4H10 and CF 4 at almost the same pressures show that 
the mean free path of electrons in CF 4 is much larger 
than in C4H10 (ref. [14], eqs. (1,9)). 

Data were collected in event by event mode with the 
computer code SPECTR [15], running on a PDP 11/34 
computer. The off-line analysis has been performed on 
a PDP 11/70 computer with the same code. 

4.1. The  total-energy signals 

In the off-line analysis of the data, the digitized 
signals of the anodes have been summed in order to 
obtain the total energy dissipated in the IC. The ADC 
words have been calibrated by the use of pulser data. 
During the experiment, the pulser was connected to all 
preamplifiers via the test inputs of the preamplifiers to 
observe possible gain shifts. 

Separate energy spectra have been collected for par- 
ticles which entered the detector through each of the 40 
holes of the upper part of the mask by using software 
gates in the x and y coordinates. The positions of the 
full energy peaks were corrected for differences in en- 
ergy resulting from kinematics and energy losses in the 
foils. 

For C4H10 at a pressure of 150 Torr, a systematic 
dependence of the energy signals on the y coordinate 
exists: the energy signals are smaller for longer electron 
drift paths. This variation amounts from 0.8% to 1.2% 
per centimer drift path. For C4H10 at a pressure of 38 
Torr, the effect is reduced to less than 0.2% per centime- 
ter. CF 4 does not show this dependence. The effect seen 
with C4H10 at 150 Torr is probably due to recombina- 
tion of electrons [8]. Applying a higher bias on the 

cathode which is not feasible yet, would give a smaller 
drift time and probably reduce this effect. Capture of 
electrons by electronegative gasses [8,16] can be ex- 
cluded since with CF 4 no systematic dependence of the 
energy signals has been observed. 

The calibration factor from channels to keV has been 
found by calculating the energy losses of the 12C par- 
ticles in the target, the foils and a 5 mm dead layer of 
gas in the IC (stopping powers have been taken from 
ref. [12]). The error in the energy-loss calculation is 25%. 
This leads to an error in the calibration factor of 1.6% 
for the data without PPAC and 6% for the data with 
PPAC. For the two gases, the calibration factors agree 
with each other within 5%. For CF4, the calibration 
factor is a factor 1.25 larger than for C4H10. Since the 
mean energy to create an electron-ion pair in C4H10 is 
23 eV (W i, table 1 in ref. [16]), this energy is 29 eV for 
CF 4. This value is comparable to the value of W i given 
for CH 4 [16]: W i = 28 eV. 

The mean values of the total-energy resolution (BE) 
are given in table 1 for the eight experimental situations 
(C4H10 and CF 4, low and high pressure, with and 
without PPAC). The total-energy resolution has three 
major contributions: (1) energy-loss straggling in the 
target, the foils and the dead layer of gas in the IC, (2) 
the inhomogeneity of the target and the PPAC foils and 
(3) the preamplifier noise. The first contribution can be 
divided in the classical Bohr straggling (~EB) and, since 
the detector is tested with light-heavy ions, a term due 
to fluctuations in the effective charge of the ion (~Ecf) 
[171: 

1/2 
8E a = 0.928Qi ( A x Z a / M  a ) , (4) 

and 

dEer = K( Z i )1/2( A E) 0"53, (5) 

with Qi the mean effective charge of the ion, Z a the 
number of electrons per molecule of the absorber, M a 
the molecular weight in grams of the absorber mole- 

Table 1 
The energy resolution of the IC as a function of the counting gas and the gas pressure (P). PPAC: 1 indicates a PPAC in front of the 
IC, BE: measured total-energy resolution (fwhm), 8Estr: calculated straggling contribution, ~Einh: calculated inhomogeneity contribu- 
tion, SEn: noise contribution, ~Etot: calculated total-energy resolution (see text). 

Gas P PPAC 8E ~Est r ~Eirth BE n ~Eto t 
(Torr) (keV) (keV) (keV) (keV) (keV) 

C4H10 38 0 260 160 60 170 240 
CF 4 40 0 310 160 60 230 290 
C4H10 150 0 300 190 60 120 230 
CF 4 160 0 260 200 60 150 260 

C4H10 38 1 370 330 120 170 390 
CF 4 40 1 400 330 120 230 420 
C4H10 150 1 410 360 120 120 400 
CF 4 160 1 360 360 120 150 410 
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cules, A x the absorber thickness in g / c m  2, K the ab- 
sorber material constant, Z i the nuclear charge of the 
incident ion and A E  the energy loss in the absorber in 
MeV. The total fwhm due to energy loss straggling 
(SE~tr) is given by: 

~Est r = ((~E 2 -]- ~Ec2f ) S ( E  - A E )  
S ( E )  ' (6) 

where S ( E )  is the stopping power in the absorber. The 
last term is a correction for finite energy losses in the 
absorber [17]. The average charge stage Q~ of the inci- 
dent ion is calculated according to formulas given in ref. 
[12]. The factor K has been measured for C1 ions in 
isobutane [18]: K = 0.035 MeV °'47, and for 32S and 58Ni 
ions in polypropylene [7]: K = 0 . 0 3 7  MeV °'47. Since 
these values differ very little, the value of K for 12C ions 
in mylar, C4H10 and CF 4 has been taken as K =  0.035 
MeV °4v. Calculated values of BEst r are given in table 1. 

Since the mask limited the size of the irradiated IC 
foil to 0.8 mm 2 per hole, no contribution due to the 
inhomogeneity of the IC foil has been taken into 
account. Inhomogeneity of the PPAC foils and of the 
target have been taken into account by assuming a 5% 
thickness variation of the foils. The spread in effective 
target thickness due to the scattering angle of 30 ° , 
introduces an additional 15% variation of the energy 
loss in the target. Values of the total inhomogeneity 
contribution (SEinh) are given in table 1. 

The noise contribution to the energy resolution has 
been measured with pulser data. Anode A 4 only con- 
tributed to the total signal at the pressures of 38 and 40 
Torr. Since the capacitance of anode A 4 is relatively 
large (500 pF), its noise contribution is also large. 
Therefore the noise contribution for the low-pressure 
data is twice as high as the noise contribution for the 
high-pressure data. The noise contribution in channels 
is the same for C4H10 and CF 4. Since the calibration 
factors from channels to keV differ by a factor of 1.25, 

the noise contribution for CF 4 is a factor 1.25 larger 
than the noise contribution for C4H10. 

The quadratic sum of 8Estr, ~gin  h and 8E n (SEtot) is 
given in table 1. For  the data without the PPAC the 
agreement between measured and calculated values is 
reasonable, except for C4H10 at 150 Torr. This dis- 
crepancy might be connected to the recombination of 
electrons as observed with C4H10 at this pressure. For 
the data with the PPAC this effect is obscured by the 
larger straggling contribution but again the measured 
value for C4H10 at 150 Torr  is the only one which is 
larger than the calculated value. For  the data with the 
PPAC placed in front of the IC, the values of the 
calculated and measured resolutions increase roughly by 
a factor of 1.6. This indicates that the PPAC foils will 
be the limiting factor for the energy resolution at low 
energies. Therefore, to improve the energy resolution 
the PPAC foils should be as thin as possible. 

4.2. The energy-loss signals 

For  the data taken at pressures of 38 and 40 Torr, an 
energy-loss signal can be obtained from the first anode 
( A E  = E 1 = ElL + E1R), the sum of the first and second 
anode ( A E  = E 1 + Ez) and the sum of the first three 
anodes ( A E  = E 1 + E 2 + E3). For  the data taken at 150 
and 160 Torr, the particles were almost stopped under 
the second anode, so an energy-loss signal can only be 
obtained from the first anode. The calibration from 
channels to energy has been discussed in the previous 
subsection. The measured energy losses ( A E )  are given 
in table 2 together with calculated energy losses ob- 
tained with stopping powers taken from ref. [12]. Table 
2 shows that for small energy losses (38 and 40 Torr, 
E 1) the calculated values agree with the measured val- 
ues, but that all other calculated values differ by 10% to 
30% with the experimental data. Calculations with stop- 
ping powers for 12C in (CH2)~, taken from ref. [19] 
yielded the same results. 

Table 2 
The energy loss as a function of the counting gas, the gas pressure (P) and the length of the A E anode (L). A E: measured energy loss, 
AEc: calculated energy loss, 8AE: measured energy-loss resolution (fwhm), 8AEn: noise contribution, ~AEstr: calculated straggling 
contribution, 8A Etot: total calculated energy-loss resolution. 

Gas P L A E A E c 8A E 8A Er, ¢5A Est r 8A Eto t 
(Torr) (cm) (MeV) (MeV) (keY) (keY). (keY) (keY) 

C 4 H lO 38 5 2.74 2.65 170 90 180 200 
CF 4 40 5 2.97 2.89 210 120 200 230 

C 4 Hlo 38 10 6.66 5.43 250 100 300 320 
CF 4 40 10 7.35 5.93 310 130 320 350 

C4H10 38 30 21.3 18.5 530 110 730 740 
CF 4 40 30 22.8 20.3 590 150 780 790 

C 4 H10 150 5 16.0 11.7 370 90 530 540 
CF 4 160 5 17.2 12.6 420 120 560 570 
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The fwhm of the energy-loss dis t r ibut ions  (SA E )  are 
also given in table 2. The  major  cont r ibut ions  to the 
energy-loss d is t r ibut ion are: (1) energy straggling under  
the anodes, (2) the energy spread of the incoming par- 
ticles and  (3) electronic noise. The straggling contr ibu-  
t ion (SAEstr) has been calculated accordingly to eqs. 
(4) - (6)  given in the previous subsection. Since there 
exists a discrepancy between the calculated and mea- 
sured value of the energy loss the measured  value of A E 
has been subst i tu ted in eq. (5). The cont r ibu t ion  due to 
the energy spread of the incoming particles chould  be 
neglected in compar ison to ~AEst r. The cont r ibu t ion  
due to electronic noise ( S A E , )  has been derived from 
pulser  data. Values for (SAEstr) and  ( S A E . )  are given 
in table  2 together  with their quadra t ic  sum: 8A Etot. AS 
can  be seen in table 2, the values of 8A Etot overest imate 
the da ta  by 20-50%. This must  be due to the charge- 
f luctuat ion contr ibut ion,  since in most  cases the Bohr  
straggling could be neglected. 

4.3. The position readout 

The mask in front  of the detector  allowed for a 
measurement  of the l inearity and  resolut ion of the posi- 
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t ion readout  of the IC. Fig. 5 shows a matr ix  of the 
measured vertical posi t ion ( y )  versus the measured 
hor izontal  posi t ion (x) .  The matr ix was accumulated 
with data  f rom a run with C4H10 at 150 Torr  and no 
PPAC in front  of the IC. The 40 holes of the upper  part  
of the mask are clearly visible. Projections of the events 
on to  the x and  y axes are also given in fig. 5. 

For  bo th  gasses and  bo th  pressures four x spectra 
have been accumulated with software gates on the y 
coordinate ,  corresponding to each row of holes. Only 
the runs without  PPAC have been considered. The data  
show that  the x l inearity and  resolution do not  depend 
on  the y position. 

The cal ibrat ion factor from channels  to mm is ob- 
ta ined by fitting a straight line to the data.  With the 
cal ibrat ions,  the differences between the cal ibrat ion 
curve and  the data  points  have been calculated. The 
residues obta ined  in this way are a measure of the 
l inearity of the readout.  The max imum residue for C4H]0 
at bo th  pressures is 2 ram, which is well below the 
exper imental  resolution. For  CF 4 the max imum residues 
are about  4 ram. 

The x resolution (Sx )  is given in table 3 for all test 
runs without  PPAC. Two major  cont r ibu t ions  to the x 
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Fig. 5. A matrix of the vertical position (y)  against the horizontal position (x). The counting gas was C4H]0 at a pressure of 150 Torr. 
The matrix was accumulated with no constraint on the total energy or on the energy loss. The 40 holes of the upper part of the mask 
are clearly observed. The spectra are the projections of the matrix on the x and y axes. 
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Table 3 
The results for the horizontal (x)  position readout as a function 
of counting gas and gas pressure (P). 8x: measured position 
resolution. 8x~tr: calculated straggling contribution. 8xn: noise 
contribution, Oml n, Om,~: calculated minimum and maximum 
diffusion width. 

Gas P ~x  ~xst r ~x  n Omi n Oma x 

(Torr) (mm) (mm) (mm) (mm) (mm) 

C4Hlo 38 17 14 17 2.5 10 
CF a 40 17 13 17 2.5 10 

C4Hlo 150 6.5 6.4 3.4 0.4 1.0 
CF 4 160 6.1 6.4 3.9 1.0 1.6 

resolut ion can be given: (1) the energy-straggling contr i-  
bu t ion  8Xstr, and (2) the noise con t r ibu t ion  8xo. 

The straggling cont r ibu t ion  can be calculated from 
eq. (1). The fwhm of the dis t r ibut ions  of E L and  E R 
(BE L and 8E R, respectively) are taken to be propor-  
t ional  to the square root of E R and  EL: 

8E g = Ce(ER)  1/2 and ~E L = Ce(EL)  1/2, (7)  

where C e is a factor which has been de termined  from the 
data.  Then  the width in x due to straggling of E L and 

E R (SXlstr) is given by: 

8Xstr  C e ( l _ x 2 ) l / 2 1 1  2 0 ]  (8)  
( E , ) ' / 2  d(1 ~ x 2) " 

Here, E 1 is the sum of E L and  E R, d is the width of one 
segment  of the anode  (fig. 4) and  o is a measure of the 
lateral diffusion of the electron cloud as it reaches the 
anode  [10]. Since for CF  4 no  values of o could be found 
in the li terature, the value of 8x~t r has been calculated 
with o = 0 for bo th  gasses, and  are given in table 3, 
t ransformed to mm. 

The  noise cont r ibu t ion  (SXn) is given by [10]: 

6x = (2)'/28E~/~[1 + x 2 - 3 ' ( 1  - x 2 ) ]  '/2, (9)  

where BE° is the noise of the anode  (SEn = 8Etn = 
8ER. ) and 3' is the correlat ion coefficient between the 
noise of the lef t -hand and r ight -hand side of the anode 
(SELn and BEg, ,  respectively). The value of 3' has been 
calculated from pulser data:  3 ' = - 0 . 4 .  In eq. (9) a 
correct ion factor concerning the capaci tances of the left 
and  fight side of the anode  is omit ted since it is close to 
1 (for details see ref. [10]). Values of 8x n, calculated 
from pulser data  and  t ransformed to mm are given in 
table 3. 

F rom table 3 it can be seen that  the quadrat ic  sum of 
the straggling contr ibut ion,  calculated with o = 0, and  
the noise con t r ibu t ion  is larger than  the measured reso- 
lut ion (6x) .  Therefore  diffusion of the electron cloud 
has to be taken into account.  F rom the data  and  the 

calculated values of ~Xst r and 8x n a lower and upper  
limit for o could be calculated which are given in table 
3. At  150 and  160 Torr  the value of o is a factor 2 larger 
for CF  4 than for C4H~0. At  38 and 40 Torr  the value of 
o is of the order  of d for bo th  gasses. 

Fig. 6 shows the fwhm of the peaks in the spectrum, 
accumulated  with C4H1o at 150 Torr, as a funct ion of 
the posit ion of the corresponding hole. The lines repre- 
sent calculat ions of the fwhm, according to eqs. (8) and  
(9). For  o values of 0.4 m m  and 1.0 m m  have been 
substi tuted.  Fig. 6 shows that  the dependence  of the x 
resolution on the horizontal  coordinate  is well repro- 
duced by the calculation. 

For  each exper imental  s i tuat ion 10 y spectra have 
been accumulated corresponding to the 10 columns of 
holes. The differential  nonl inear i ty  of the y readout  has 
been found to be less than 1 mm. The y resolution does 
not  depend on the horizontal  posi t ion and only slightly 
on the vertical posi t ion (10% change over 4 cm). For  
C4H m and C F  4 the mean  values of the y resolution are: 
6y = 1.7 mm and 8y = 2.1 mm, respectively. 

The two major  cont r ibut ions  to the y resolution are: 
(1) a source width of approximately  1 m m  and (2) the 
electronic noise. Since no PPAC was used as trigger 
counter  dur ing the test runs, the y posi t ion was mea- 
sured from the t ime difference between the signal of the 
ca thode preamplif ier  and  the signal of the preamplif ier  
connected  to anode A2. Because the noise and  risetime 
of the ca thode signals were much larger than  those of 
the anode  signal, only the noise of the ca thode signal 
contributes.  The result ing noise cont r ibu t ion  is 1.4 m m  
for C4H10 and  1.75 m m  for CF 4. Together  with the 1 
m m  source width  this roughly explains the exper imental  

data.  
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Fig. 6. The fwhm of the peaks m tile x-spectrum as a function 
of the x-position. The counting gas was C4Hlo at at pressure of 
150 Torr. The two lines give the calculated fwhm according to 
eqs. (8) and (9), with o = 0.4 mm and o = 1.0 mm for the upper 
and lower line, respectively. 
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Table 4 
The time resolution for the small and large PPAC (PPAC 1 and PPAC2, respectively) measured against a Si detector and against each 
other, with isobutane as detector gas. E: particle energy, P: gas pressure, V~: cathode bias, Vpumse: estimated pulse height after 
preamplification (errors are 30%), AE: energy loss between the electrode foils and St: total time resolution. 

Particle E P V c Vpuls e A E 6t Detectors 
(MeV) (Torr) (V) (mV) (keV) (ps) 

12C 38 10 640 150 29 200 PPACrSi  
15 760 350 40 200 PPAC 1 -Si 

12 C 38 10 630 350 29 400 PPAC 2 -Si 

4He 5.0 15 720 100 10 800 PPAC~ -PPAC 2 

12C 38 12 660 150 33 400 PPAC 1-PPAC 2 

28Si 55 l0 620 400 130 280 PPAC 1 -PPAC 2 

5. The pedormance of the time-of-flight system 

The time-of-flight (TOF) system has been tested 
separately and in conjunction with the IC. In the tests 
performed without the IC the influence of gas pressure 
and energy loss on the time resolution has been mea- 
sured. In a test run with the IC the influence of the 
position of the particle on the time readout has been 
studied. 

5.1. The time resolution 

To measure the time resolution of the small and 
large PPAC, use has been made of the Enge split-pole 
spectrograph of the R.J. Van de Graaff  Laboratory. The 
PPACs were placed behind each other in the detector 
chamber of the spectrograph. The angle with the focal 
plane was adjusted in such a way that the particles 
entered the PPAC perpendicular to the foils. The PPAC 
signals were amplified by a fast current amplifier [20] 
followed by a timing filter amplifier (TFA, Tin t = 2 ns, 
Tdi f = 5 0  a s )  and a constant fraction discriminator (CFD,  
To,lay = 2 ns). Behind the PPACs a small silicon surface 
barrier detector (100 t~m thick, active area 50 mm 2) was 
placed. 

First the small and large PPAC (PPAC 1 and PPAC 2, 
respectively) were tested against the Si detector with lZC 
particles ( E  = 39 MeV). At a pressure of 10 and 15 Torr 
C4H10 the total time resolution of PPAC 1 and the Si 
detector was 200 ps. The time resolution of the Si 
detector for 12C (E  = 34 MeV) is estimated to be 100 
ps, which gives a time resolution of 150 ps for PPAC v 
The time resolution of the large PPAC, measured with 
12C particles against the Si detector, is 400 ps. The 
difference between the resolution of PPAC 1 and PPAC 2 
can be explained by the larger capacitance of PPAC 2 (200 
pF), which resulted in a larger risetime of 5-10 ns (see 
section 3). Also, the pulse height was a factor 2 smaller 
in comparison to PPAC 1. 

Secondly the combined time resolution 8t of PPAC t 
and PPAC 2 was measured. The Si detector was only 
used to eliminate the position dependence of the time 
resolution (see subsection 5.2). The time resolution was 
measured with a-particles ( E  = 5.5 MeV), 12C (E  = 39 
MeV) and 28Si ( E =  55 MeV). The results are plotted 
against 1 / A E  in fig. 7 ( A E  is the energy loss in keV 
between the PPAC foils). If the pulse height is a linear 
function of the energy loss between the foils, the rela- 
tion between 1 / A E  and 6t should approximately be a 
straight line [eq. (3)]. Fig. 7 shows that the data points 
are consistent with a straight line. An estimate of the 
time resolution can be given by: 

5600 
8t (ps)  = 240 + AE(keV~ " (10) 

The best time resolution that can be obtained with the 
T O F  system is therefore 250 ( +  50) ps. 

6t Cpsl 
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Fig. 7. The time resolution of the TOY system as a function of 
the energy loss A E between the electrode foils of a PPAC. The 
line is a linear fit to the data. 



C.P.M. van Engelen et al. / Detection system for energetic light heavy ions 79 

ANODE CONTACT 

~ -  so o 

Z 4 
9 

o 3 ~oo 

u_ 

1 ~ aSo 

> 

0 . i L I i i 

O 2 4 6 8 10 12 

HORIZONTAL POSITION X [cm] 

Fig. 8. The position dependence of the time difference At 
between PPAC I and PPAC 2. The time difference correspond- 
ing to x = 9.6 cm and y = 5.1 cm has been subtracted to show 
more clearly the time walk. The numbers give the time walk in 
ps for the corresponding lines. 

5.2. The position dependence o f  the time signal 

To measure the position dependence of the time 
signals of the T O F  system the complete setup of IC and 
T O F  system was used. In this test run the large PPAC 
was electrically divided in three parts with an active 
area of 12 by 12 cm 2 each. The PPACs were filled with 
C4H~0 at a pressure of 10 Torr. The mask in front of the 
IC was removed. The IC was filled with C4H10 at a 
pressure of 110 Torr. The settings of the TFAs  and 
C F D s  of the T O F  system were as described in section 
5.1. Carbon particles ( E =  39 MeV) were elastically 
scattered from a gold target. The time difference be- 
tween the two PPACs (At)  and the data from the IC 
were written on tape in event by event mode. In this 
way it is possible to obtain the time difference At 
between the start and stop PPAC as a function of the x 
and y position, measured by the IC. Fig. 8 shows a 
contour map of A t as a function of x and y. The time 
difference corresponding to x = 9.6 cm and y = 5.1 cm 
was subtracted to show more clearly the spread in A t. 
Concentric rings around the anode contact screw are 
clearly observed. The walk in A t has a maximum of 700 
ps for this area. Therefore, in order to obtain a time 
resolution of less than 500 ps, it will be necessary to 
calibrate the T O F  system with particles which have a 
well defined velocity (e.g. beam particles elastically 
scattered from Au). 

6. Concluding remarks 

The test experiments with ]Zc ( E =  39 MeV) ions 
have shown that the energy and position resolution of 

the IC can be calculated within an accuracy of 10-20%. 
There is a discrepancy between the measured and 
calculated energy-loss signal (10-30%) as well as be- 
tween the measured and calculated energy-loss resolu- 
tion (20-50%). The energy resolution calculated for 
particles with a mass between 20 and 40 and an energy 
between 5 and 30 MeV varies between 0.1 and 2%. It is 
mainly determined by the energy straggling in the PPAC 
foils. Since the energy signals depend slightly on the 
horizontal and vertical position, this energy resolution 
can only be obtained after a calibration of the active 
area of the IC. Calculations show that separation of 
nuclear charge will be possible up to Z = 20. The posi- 
tion resolution will be better than 0.5 ° in almost all 
cases. 

The time resolution of the tof system has been shown 
to depend on the energy loss between the PPAC foils; it 
varies between 280 ps (28Si at 55 MeV) and 800 ps (a  at 
5 MeV). These results can only be obtained after a 
position-dependent correction for the time delay in the 
large PPAC. Combining the calculated energy resolu- 
tion with the time resolution it has been calculated that 
with the 1.7 m flight path mass separation will be 
possible up to the projectile mass even at the highest 
energies. 

The large solid angle of the system, the absence of 
radiation damage and the good energy, position, nuclear 
charge and mass resolution make the detection system 
especially useful for correlation studies. 
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