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Abstract

A Recoil Filter Detector {RFD) which was developed in the Hahn-Meitner-Institut
(HMUE). Berlin has been investigated to determine the detector efficiency. This detec-
tor uses the forward emitted electrons from a thin mylar foil and it has been found
to have lower efficiency than expected from theoretical considerations. For the test
measuremments a “>2Cf source was used. The fission products from the ?22Cf were
detected in coincidence with the prompt ~-rays and then the spectra were analyzed.
In the first part of this paper the reason for the low efficiency of the detector and
the solution for an improvement is presented. In the secoud part. as an alternative.
a new desion of a detector is proposed. It uses tle backward emitted electrons and

may he preferred. in some aspects, to. the RED .




1 Introduction
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A nnclear reaction is a process that occurs when i mudleqar particle (nucleon or
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nucleus) gets into close contact with an atomic fucleiis: Most of the lfiown nuclear
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reactions are produced by exposing different targets to a beam of accelerated nuclear
particles. Usually a large energv and momentum exchange takes place and the final
products of the reaction are two or more nuclear particles leaving the point of close

contact in various direction.

In general. a nuclear reaction can he expressed by the equation

a+ XN — Y+ (1)

or. in more compact notafion. X(a.hiY. The notation means that particle a
strikes nucleus X to produce Y and an outgoing particle b, Particles a and b may
be elementary particles {neutrons. protonsi. but rhev can also themselves be nuclei
(e.¢. denterons or alpha-particlesi.

Reaction (1) 1s not the most general nuclear reaction. In the general case. an
arbitrary number of particles may emerge. This reaction is sufficiently general to
include most of the known nuclear reactions at low energy. There 1s one exception
to this. however. the radiative capture pracess. where N and a stay together to form

a nucleus Wwhile a gamma-ray is emitted:

a4+ X — U+~ t2)

Returning to reactions of tvpe (1). we note rhat tformula (1) symbolizes ouly

1




one of the many possible reactions which can occur when a strikes X. The following
are some of the possible reacrions
X+«
X+«

a+ N — (3)
- Y+ b

4+

The first two reactions (3)_are distinguished by the fact that the projectile a re-
emerges after the reaction — elastic and inelastic scattering,

Here, attention is given to the heavy-ion fusion reaction to form a compound
nucleus. In in-beam gamma-ray spectroscopy the emission of gamma-rayvs from the
variouts reaction products is are studied. and from the characteristics of emitted
gamma-rays. the properties ol nuclear levels and the nature of highly excited states

can be deduced.

COIH])OUIId Nucleus. The fusion of heavy ions with nuclei offers the pos-

sibility to produce highly excited unclei. This high excitation enerav ends up partly
in high thermat excitation thus making the study of “hot™ compound nuclei feasible.
The available energy may, however. also be converted into rorational energy. The
high angular momenta involved in heavy-ion reactions will then lead to the popu-
lation of very high-spin states [1]. Fusion reactions are thus an ideal tool to study
thie nucleus at high spin states.

In fig. 1 different reactions which can occur with heavy ions are illustrated. In
the first two. complete fusion of the two nuclei to form a compound system is highly

improbable, although in the second case. one or more nucleons mav he transferred
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or nuclear inelastic scattering may take place. [n the thivd case. complete fusion is
most likelv. though some grazing orbits can induce incomplete {fusion. Above the
C'onlomb barrier the nuclear reaction cross sections are roushly of the order of 1b
for compound nucleus formation and about Amb for single neutron ;1‘ansfer. Other
transfer processes usually have still lower cross sections. Therefore, the dominant

cross section is that for compound nucleus formation for energies not too much above

the Conlomb barrier [2. 3, 1}.
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Figure 11 Schematic illustration of difterent heavy-ion reactions. The large and
small circles represent target and projectile. respectively. Dashed circles represent
the “limnits™ of the tails of the nuclear wave funcrions. The straight arrows indicate

particle transfers. and the others indicate photou transfer 3.




ngh Spill. One of the principal features of the heavy-ion induced reactions
is the high aneular momentum brought into the componnd sysrem. This aspect is
of crucial importance to consider. It is now well known that there are no levels of
a wiven angular momentum in a nucleus below some minimum energy. called the
yrast energy. If a heavy ion brings in angular momentum higher than the yrast
angular momentum for the a};,pl‘o[)[‘iate excitation enersyv of the compound system.
then a compound nucleus cannot be formed. Further. there may be some critical
angular momentim for the nucleus, which. if exceeded. will result tu fission. Such a
critical angular mbmentum is quite familiar in classical physies: any rotating body
will disinteerate if spun too fast. [t may be independent of the excitation energy,
so that even if the vrast condition for forming a compound nucleus is satisfied. the
nuclens may still iy apart. Theoretical estimates of some of these phenomena have
heen attempted many vears ago [6. 7].

After tlie {ormation of a compound nucleus fission often dominates over evap-
oration for lieavy nuclei and very high spin [3]. The production cross section for
evaporation residues may then be rather small. In tliese cazes it is necessary to
distinguish ~-ravs from fusion evaporation reactions by an ancillary detector from
the other strong and sometimes dominating processes. This can be accomplished
by detecting evaporation residues that recoil out of the target in coincidence with
the y-ravs. Recoil mass separators achieve this and i addition they determine the

mass number A and sometimes the charge Z of the produced nuclei [9].




Recoil Filter Detector The low efficiency of the existing recoil mass sepa-

rators. their large size and high cost makes the search for another way necessary. A
considerable improvement of the interpretation of 5-spectra can be achieved when
evaporation residues are detected in coincidence with +-ravs, even without exact
7 and A information. This coincidence measurement suppresses ~-ravs from com-
peting fission or particle-transfer processes. C'oulomb excitation or reactions with
target contaminants. and therefore “cleans™ y-spectra and improves the peak to
background ratio {10]. In addition. the determination of the velocity vector of the
evaporation residues allows Doppler- shift corrections and therefore improves the
resolution of the =-ray energies.

Siuch a derector has been designed and built joiutly by IFJ Krakow and HMI
Berlin [11]. and has been used with the OSIRIS array {12, 13} at the "VICKSI
accelerator. The comparison of the spectrum found usine the RFD with the one
ohtained with ow it clearly indicates that there is a very good suppression of the
backeronnd [rem accompanying reactions the. 25,

The OSIRIS array has a compact BGO ( bismuth germanate) multielement cen-
tral spliere for +-multiplicity measurements. The average atomic number of this
material is high and it is considerably denser (7.13 g/cin®) than other detector ma-
terials. So. its application is advantageous in those cases where the space is limited
(for example in 47 arrays} [14]. In addition. the OSIRIS array has 12 Ge detectors
with Compton suppression shields for igh resolution and good detection efficiency

for ++-coincidence spectroscopy.
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Figure 2: [n-beam measurements of v~ coincidences in the reaction **Ar + 1*°Gd
at 175 MeV. (a) without RFD. (b) with the RED. Different reaction channels are
indicated [10].

A schematic diagram of the OSIRIS setup with the Recoil Filter Detector(REFD)
is shownt in fig. 3. The RFD consists of two rings of 6 and 12 individual detector
elements (RED-elements) monnted 73 em from the tareer. At this distance time of
Aisht separation of the heavy evaporation residues prodiced with not. too heavy-ion
beams from other reaction products is possible. The specific time structure of the

recoil-gated 4+ measurements is described in rel. [15].

As an example. the time of flight distribution of ilferent reaction products is
eiven in fig. 4 for the reaction between a beam of B Ar 1t Fpe=173 MeV) and P7Gd
as a target [15]. Since most of the recoiling nuclei emerge in a narvow cone in the

forward direction. the 18 detector elements are arraneed in the forward direction
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Fieure 3: Schematic diagram of the OSIRIS setup with RFD (see text)

between 2.7 and 12,19 [10]. The central part (below 2.7 is left open and the

direct heam passes through the open area and is stopped by a Faradav cup. In each
EFD-element. nuclei hitting an aluminized mylar foil prodice n secondary electrons
whicl are electrostatically accelerated up to 20 ke\ and foeused onto a plastic
scintillator in which they produce a signal of encray approximately equal to nx20
keV. Electron vields of na 100/ion are expectel for slow aud heavy evaporation
residues [15]. Signals {rom scattered beam particles are suppressed by selecting only
RED signals in a time window appropriate for evaporation residues relative to the
pidsed beam {fig. 41. In a second stage a vv—REFD coincidence is required. The
rime of flight of the heavy evaporation residues witly respect to the vadio frequency

of the cvelotron is measured and the responding detector element is identified that




determines the recoil angle. The distance where ecach detector element is located
ts known. Therefore. nsing these parameters (the time of flight. the distance and
the recoil angle} the velocity vector of the residues can be determined to correct the
energies due to the Doppler shift of the v-rays. This results in a good accuracy in

rletermining the -energy.
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Figure -1 Time of flight distribution of different reactjon products for a beam of
3 Ar with By, =173 Me\ and ¥ Gd target. (1)- bean particles. {2)- 18O reaction

product. (3)- fission product, (4)- Coulomb excitation and (3)- evaporation resdidues

[13].

Different experiments [12. 13. 16] were done using the RFD. and in all experi-
ments only about half of the efficiency expected from theoretical calculations [13]

was achieved . Despite the fact that the detection efficiency was found to be only
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129 the requirement of vecoil-~ - coincidence effectively cleans the spectra’from un-
wanted background and improves the energy resolution tsee fig. 21 if Doppler shitt
correction is carried out.

The purpose of this work was to find out why the efficiency of the detector
(RFD) is not as expected from theoretical considerations. In addition. if possible.
ote should get a solution for improvement. The experimént.s presented are aimed
at looking for the reason of low RFD efficiency aud the results are presented in the
following sections to explain how one can increase the efficiency.

In the second part of this paper, it is dealt with a design of a detector which has
the same purpose as the RFD but a different detection principle. That is. instead
of using the forward emitted electrons (as it is done with the RFD). the electrons

coming out in the backward direction will be used by the newlhy designed detector.

Some experimental results will be shown supporting the new detector design.




2  Tests with the Recoil Filter Detector

The Recoil Filter Detector (RFD1 consists of 18 elements of which one is used
in the test experimeut. The schematic diagram of the €ross section of the RFD
element is shown on fig. 5. The electron rrajectories are calculated using the program
SIMION [17]. The element has cylindrical symmetry consisting of several electrodes
of different size and shape. The first electrode is connected to a negative high voltage

distributed among the other electrodes by a voltage divider.

Figure 5: The Recoil-Filter Detector-elemnent nsed in the experiment with the tra-

jectories of electrons for the accelerating voltage of =20 k.

The principle of detection of heavy ions is as follows :
A particular nucleus hitting the thin aluminized mytar foil monnted on the first

electrode liberates electrons. and they are emitted in all directions [13]. The forward
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emitted clectrons are accelerated by the electric lield present inside rhe element. o
addition. thev are focused since the element has this particular geometrical arrange-
ment and the appropriate division of the high voltage. A fast plastic scintillator is
placed in the focal plane of the detector. Lach e]eclr_ou bunch produces a signal
in the photomultiplier (PM} tube. The output signal from the PM is fed to the
appropriate electronics.

In the experiment. a californium (***Cf) source is used (see fig. 6). The source
produces heavy nuclei which are to be detected in the way described above. This

allows to simulate the in-beam nuclear reaction and to detect the fission products

instead of the evaporation residues from the heavy-ion reaction.

The calilornium isotope #2Ct decavs in two modes {19]. oue is alpha decay
(96.9%) and the other is spontaneous fission (3.0 1. The main aim of the test
experiment is 1o measure the heavy fission products. In principle. one can select
the heavy fission prodiets out of the large amount ol a’s by measuring them in
coincidence with the prompt y-ravs. However. the alpha particles are important as
well. Since thev have an energy of about 6MeV. without any major effect on their
kinetic energy they will pass through the thin mylar foil (thickness 0.5m ) and
directly fall on the scintillator. The plastic scintillator. ou the other hand, is thick
enough so that it can stop and detect these enevgetic alpha particles.

The a-particles are detected independent of the voltage divider and the particular

geometry of the electrodes of the detector element. This allows to check if the other

11




MnasavoecNsatRiOEaghAdAR PO NP RETY Taearessrwn sressansn R FREER RN

#
L]
]
v
]

.
H

I

13

.

»

L)

sumfona v
L]

¥ouvravaman

N AT cereeeVerenn,
=1 Nal (HV )
Ef RPTPIRRY . v Coincidence
" '-....A.........;.
Cr#DDDD!::f:_«.:::hH———— 2 .
¥ . Mylar foil Scmu]]ator\ I Bae 1ot
Ll ! | pulse .:
DC}DDD:JC::H::}_‘—**‘ height
RED-Element
Fission products Photomultiplier
and Spectrum

o -particles

Figure 6: Schematic view of the experimental setup for the test measuremnent where
the arrangement shown by the dotted lines is used in the coincidence measurernents
only.

experimental conditions (the scintillarion. the mulriplication in the PM and the
electronics) are in a good position to run the experiment. This makes observation

ol the a-particles vital for the intended experiment.

2.1 Measurement of a-particles and Fission products

The main eletnents of the electronics are shown in fig. 7

The electrons produced in the thin mylar foil by the fission products and a's

falling on the scintillator produce light which is collected by the photocathode of




PM Base . Cable
Amplifier inverter
Plastic Stretcher
Scintiliator
Computer ADC

Figure 7: Scheme of the electronics to measure a-particles and fission products.
the PM tube. The signals from the photomultiplier are fed to an amplifier by
passing throngh the base. The output signal obtained from the amplifier has a
negative amplitude but the stretcher used in the experiment accepts only positive
signals.  Hence. a cable inverter is included. The stretcher is nsed to widen the
signals because the ADC needs long signals. These analog signals are digitized by
the ADC {Aualog to Digital Converter) conunected to a compiter to store the data
and to use 1t for further analvsis.

A spectrum of alpha-particles and fission products is shown in fig. 3. [t is ob-
tained with an accelerating voltage of —15kV. Measurements were done by varying
the accelerating voltage to see the shift of the electron-peak. As expected, when
the absolute value of the accelerating voltage is increased. the peak moves to higher
channels as shown in fig. 9. On the other hand. the a-peak remains at the same

position for different accelerating voltages. because tlieir detection mechanism is
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independent of the high voltage applied to 1he clectrodes of the RID-element.

F T T T T T T
700+
S000 - w
Pl
QD
[ =
= =
<) 2
&) ‘ o
xc00k %) = T
| = .2
-~ W
R
L \ E % ‘I —
S
i \\'/\// k |
- o 360 ] 50 760

channel number

Figure & Spectrum obtained without coincidence with ~-rays and accelerating volt-

age of —13kV.

600 —_—

= . i

@ B - H

& ;

IS |

2 s
< ~

S .o i

5 ¢

c 7 ,

= '

G 200 o |

a ® !

3

3 i

a . .

- i

7 ‘

0 - .
0 5 10 15 20 25
accelerating vollage in kv (-ve)

Figure $: The electron-peak position as a functiou of the RFD accelerating voltage.

14




2.2  Coincidence Measurements

In every fission process of *2Ct about 8 prompt +-rays are produced [13]. whereas,
the a-decayv is not accompanied by energetic y-rays. The main idea of this exper-
iment 1s to detect the heavy ions created in the fission process in coincidence with

the prompt ~-rays and reject the a-particles.

CFD

Amplitier

Delay
150ns

I

From Nal

From RFD
efement

j

Amplifier CkD

Figure 10: Scherne of the electronics for 4—fission product coincidence measure-

mernts,

In section 2.1 the setup was arranged to get information only about the pulse
letght clistrii)u{‘ion of the particles. As it is seen in fig. ¥ theve is a large count rate
at small channel numbers. Hence. in addition to the pulse height. information about
their distribution in 1ime is needed to understand the details of the spectrum. For

this purpose the gamma-rays and fission products have to be measured in coincidence

Stretcher | ——

ADCI1

Delay —
ns

Time
Amplitude ADC2
Converter
(TAC)
COMPUTER|
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(see again lig. 6).

The details of the electronics arrangement arve given in fig. 10. The RFD sitgnal
after the amplifier is divided into two signals. one for amplitude information to
the ADC1 passing through the stretcher and the other one to a coustant fraction
discriminator (CFD) for timing purposes.

A Nal detector near by the test chamber 1s used to detect the prompt ~-rays
trom the fission process. The signals. after amyplification, are supplied to another
CFD and delayved by 150 ns,

Both the signals from the RFD and Nal are fed to a Time to Amplitude Converter
(TAC) used as coincidence unit (start signal from the RFD and stop signal from the
~-detector). The TAC is connected to ADC?2 which is used to digitize the timing
signals. The two ADC's are connected to a comyputer where the data are stored. A
two-dimensional plot of the measurement with ~he accelerating voltage of —20kV
is shown on fig. 11. The horizontal axis contains the information about the pulse
height (ADC1) and the vertical axis {ADC?2) represents the time running from top

to bottom.

The fission products are expected to be observed in the scatter plot as sharp
in time with a reasonably narrow pulse-height distribution . Events distributed
uniformly in time and with low pulse-lieight are expected as noise signals.

As it is seen in the fig. 11, besides the noise contribution. events are observed

in two time windows. The fission products are rollected in the first time window
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Figure 11: Two-dimensional spectrum obtained in coincidence measurements with
the horizontal and vertical axes representing pulse height and time of flicht, rezpec-
tively (see text ).

near ADC?2 channel No. 130 . The origin of events stored in the second time gap is
unclear vet. We note also that part of the fission events are shifted to lower ernergies.
Obvionsly, some fission products create signals with smailer pulse-height indicating
some energy loss. The projection of the two-dimensional plot outo the horizontal
energy axis (ADC1) is shown in fig. 12(a) and can be compared with the result

found without coincidence {fig. 12(b}). The spectra are obtained by adinsting the

LY




accelerating voltage to —15k\. As it can be seen in fie. 12(a). the alpha-particles
and large amount of notse events are cleared off. The area under the peak is taken
and compared for the two cases (in coincidence and without coincidence). The

result shows that 14% of the events registered in the electron peak remain in the

coincidence measurement,
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Figure 12: Spectra found with accelerating voltage —15k\" (a) without coincidence

(b) ~-fission product coincidence,

Although the low-energetic backsround is decreased. there is a counsiderable
amount of coincidence events at low channels. Therefore. additional test measure-
ments were done to check the electronics. The threshold enerev of the samma-ravs

was changed and for two different threshold energies the following two ratio’s were




taken and compared:

a} the ratio of counts in the first time gap with small pulse-height to large pulse-

height

b) the ratio of counts in the second time window to the connts of the fission

products with high pulse-height.

These ratios are the same with different v-thresholds leading to the conclusion
that the observed noise is not caused by the electronics.

Therefore one has to look for other reason why events are registered at the true
time (the first time window) but with small pulse height. One can suspect from
fig. 5. where the trajectories of electrons inside the detector element are shown. that
1t s because of the particles hitting the edge of the foil producing poorly focused
electrons. Therefore. it was necessary to check if the fission products hitting the
central part and those hitting the edge of the foil create the same pulse height.
Experiments were done by covering the edge {an annuls of tuner diameter 30mm
and outer diameter 60 inm) and central part {diameter of 30 mm) of the mylar foil
using a niobium ("*Nb) foil of 32 mg/cm? thickness. This wav we wanted to see
1f the edge of the RFD-foil is as effective as the center in collecting the electrons.
The spectra shown in fig.(13) are obtained by sorting out the events within a time.
interval according to the channel numbers 120 and 160 of ADC? (see fig. 11} and
projecting them onto the horizontal axis (ADCL). The events iu fig. 13, (a). (b}
and{c) were collected with the center covered. the edge covered and without any

cover. respectively.
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Figure 13: Projection of the events observed in the first window with (a} the central
part of the mylar foil coverved (b) the edge covered and (c; withont any cover.

As it can be seen almost all the events registered at the true arrival time of the
fission products with small pulse height disappear when the edge of the mylar foil
is covered {fig. 13(b}). That means they were created on the edge. The spectrum
in fig. 13(a) is analyzed and only 34% of the events were with high pulse-height.
Therefore, 66% of the fission products falling on the edge of the foil are registered

with small pulse-height and get mixed up with the noise. In the real in-beam

experiments the noise events are cut and therefore. 66% of the nuclei hitting the

20




edoe are lost. If one can avoid this loss. then the event rate Tncreases and the
cdetector efficiency increases correspondingly.

[n fig. 5. it can be seen that the electrons from the edge flv out of the area
covered by the plastic scintillator. A solution was sought for this problem and
it was found that instead of mounting the thin foil on the outer edge of the first
electrode, it was placed inside at about #imm from the outer edge. Using the program
SIMION [17]. the trajectories of electrons for this foil position were calculated and
they are presented in fig. 14. The electrons are now well focused on the scintillator.

so one can expect an improvement of the detector efficiency.

Figure 14: The trajectories of the electrons with the thin foil placed at -l from

the onter edze of the first electrode.

[t all test measurements. the events in the second time window seem to be
unaffected when the edge or the central part is covered. To exhaust all possibilities

data were taken by covering the whole area of the RFD foil. Even in this case the

2]




events are found without anv large change i tensity,

Theretore, one has to chieck if the count rate resistered in 1lie second time window
depends on the accelerating voltage. For different accelerating voltages. measure-
ments were done under two conditions. namely. covering the whole area of the mylar
foil using a niobium(**Nb) foil and keeping it uncovered. As a vesult the event rate
at the same accelerating voltage is found to be almost the same {shown in fig. 13).
In both cases the number of counts increases with voltage. This shows that the

behaviour of the delayved events is similar to the true events coming from the fission

products.
i 1001- O -uncovered (?) I
% @ - covercd :
900( i
« 7003—
= :
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Figure 15: Total count rate of the delaved events as a function of accelerating voltage

with and without covering the mylar foil by a niobinm foil.

The question “where are these particles coming [rom?” was given attention. One




sottree conld be the wall of the test chamber. A\ measurement was done by inserting
a diaphragm (hole of diameter 30mm) between the ***Cf source and mylar foil. Data
were taken for two positions of the diaphragm. 20mm and 9mm from the source,

respectivelv. In the first case the wall close to the RFD-element cannot be reached

by the source particles.

ADCZ (channel numiber)

I 100 200 300 400 500 600
ADC1 (channel number)

Fioure 16: Scatter plot obtained by inserting a diaphragm between the source and
b { . o =]

RFD foil.

The scatter plot shown in fig. 16 is obtained with the first arrangement. The
unknowi events ar!‘i\'ing later than the fission products disappeared. But. when
the diaphragm is positioned at 9mm from the source, enabling fission fragments to
irradiate the wall. those delaved events appeared again. Therefore, one can conclude
that the fission products interact with the wall and some kind of positive charges

may be produced which will be accelerated towards the RIFD-element. These charges
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may hit one of the RED-electrodes and production of electrons may follow. Then,
the electrons will be focused on the plastic scintillator.

Hence. these delaved events are related only to the particular arrangement of
oirr test setup and they do not create any problem for the in-beam experiments. As
the main result of the test experiments. one can conclude that the source of the low
RFD efficiency (below the theoretical estimation ) is caused by the position of the
thin mylar toil. The electrons produced on the edge of the foil are not focused on
the scintillator. The solution of this problem is 1o change rhe position to a distance
of tmm from the outer edge of the first electrode of the RFD-element. The electrons
from the whole area of the mylar foil are now collected ( shown in fig. 14). Using
this new geometry, in in-beam experiments. nuclei hitting the edge will not be lost

and therefore at increase in efficiency.




3 Detector Using Backward Emitted Electrons

3.1 Introduction

P il

\When a protou. an alpha-particle or another hea\é}' ion moves é:ﬁ;l:t@t;lg.}ﬁ%ét.t_el‘. it
ionizes or excites the atoms to which it comes sufficiently close. This change of
the atomic state are caused by the Coulomb force. which can transfer kinetic en-
erey/momentum to an electron as the particle moves swiftly by (21. 22]. The energy
transferred to the electron represents ar loss of kinetic energy of the bombarding par-
ticle. which will slow down and eventually stop. This can result in the emission of
electrons, especially from the surface of the material irradiated. This phenomenon
was ﬁi-st, observed under electron beam impact and is referred to as secondary elec-
tron emission {SEE). SEE provides information on the processes occurring during
the passage of charged particles through matter and on the escape mechanism of
electrons from solids. A good understanding of SEE is of general importance tor the
development of heavy-ion detectors.

SEE is observed in the forward and backward direction provided that the target
is sufficiently thin. The foil is called thin in this context. if NE, < £, where £, 1s
the energy of the projectile and AE, is the energy it loses while penetrating the foil
[19, 23].

Usually. the total electron yield +r is defined as the number of electrons per im-
pinging primary particle emitted in the whole solid angle. The backward secondary

electron vield (~g5) can be defined as the number of electrons emitted in the back-

[N
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ward direction per primary particles and the same is true for the forward secondary
electron vield (=g ).

In almost all studies of SEE following 1on penetration into thin foils for a given
projectile velocity, v is always higher than vp for all projectile/ target combina-
tions. i.e SEE in the forward direction dominates [18. 23. 24j. From this point of
view. it is understandable to use the Recoll Filter DetectortRFD) collecting the
electrons emitted in forward direction.

However. there are disadvantages when using RED. The production of thin foils
is in general a rather difficult task avoidable if one uses the electrons emitted in the
backward direction. For practical reasons the foils cannot be made thinner than
about 30A. To fulfill the condition AE, < F, the ion velocitv must be of the order
of v = E,/M, > 30keV/ 1. Slow particles may not be detected even under the mos-t
favorable conditions (extremely thin target foil). This is because electron emission
in the forward direction is from the exit surface and the low euergy jons may not
reach the exit surface.

For the new detector principle. the electrons in the backward direction are from
the entrance surface. and the ions do not have to pass through the foil. The other
shortcoming in using RFD is the dead space between the detector elements. only
2/3 of the total arealbetween the angles 2.79 and [2.1") is active (see rel.[10. 14]).

Therefore. the development of a detector device using the backward emitted
electrons is desirable to measure low-energetic nuclel produced in in-beam heavy-

ol reactions.




3.2 The Designing Process

The designing is done under the assumption that there is a beam of particles colliding
with a target located at-a distance of about 70cm from the point where the electron
emitting material should be placed. The detector is intended to measure recoiling
nuclei emerging in a narrow cone between 3% and 13" in the beam direction. As in
the RFD case the. central part (below 3°) must be left open. letting the direct beam
particles pass through.

The aim is to design a detector for heavy particles whose geometry looks like as

siven in fig.(17).

Target R
“““u-ﬁﬁ_\(i)

L oe\e Y
= 50cm e 20cm ——xn

Figure 17: Sketch of the newly planned heavy- particle detector which uses the

backward emitted electrons.




The surface indicated by (1) is an electrode which will be maintained at negative
high voltage of about —20k\". Particles coming out of the target between 3% and 13V
strike the surface (1) and electrons will be emitted. Because of the nesative potential
supplied to (1}. the electrons will be accelerated to the other surface denoted by (2)
(zero potential). Surface (2) will be covered with a scintillator subdivided into
small parts. The structure allows to identifv the place where the electrons are
created on the electron emitting electrode 111. This determines the recoil angle and
the distance from the target.and by measuring the time of flight of the heavy ions.
Doppler correction can be carried out. The electrodes (3) kept at different potentials
will be placed in between the two surfaces to shape the trajectories of the electrons.

The best guideline for the electron optics is to assiume two concentric spheres sup-
plied with a corresponding potential ditference. An electron created on the surface
of the inner sphere will be accelerated radially outward by the potential difference.
So. the idea is 1o put an electron emitting material at 1]e position of the inner sphere
and a scintillator at the position of the onter sphere. For such an arrangement the

potential between the two spheres is governed by the equation

where A and B are coustants and v is the radial distance.
When the boundary conditions are applied i.e when the inner sphere is set to

—20k\" and the outer is taken to be grounded. the following relations are obtained

LI (3)

Iy
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i%rB:{] (6}

'
where r; and ry are the radii of the inner and outer spheres, respectively. The

solutions for the constants A and B are

iV e (7)

I8

B =120 ikt {8)

ry —r

Of course. the detector cannot be made of two complete concentric spheres.
There has to be an opening on the outer sphere 1o let the reaction products in and
hit the inuer one. Since the particles to be detected are x:bming out of the target in
a narrow cone. the opening angle is set ro be 13", For the direct beam a hole in the
inner sphere must be made ( opening angle 3"). For practical reasons the distance

D indicated in fig. 17 is needed to be about 30 em. which gives

rysinf = 23em (9)

If the length of the detector will be about 20cm. then

rycosft — ricos @ = 20cm (10}

On the other hand. the —20kV-electrode should be at about 70cm from the

target . therefore
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rysind == 10 tan 13 {11}

Subtracting equ. {11} from (9) and dividing by equ. (10) gives

tant = 0.312 i 8=17.31 (12)

Substituting this value in equs. (91 and (11) one obtains the radii of the two
concentric spheres i
ry = 62,93 cm and ry = 33.38 ¢
With these values of 7y and 7, the constants A and B are found to be
A= -5039.2 kVem and B = G0.1 kV
Therefore. the potential between the two concentric spheres as a function of the
radial cistance ts given by
—-3039.2kV em

T T T G0 kY (13)

.
where r is the radial-distance in cm.

Relation 13 is used to place electrodes in between the two concentric spheres.
The program SIMION [17] is then used to caleulate the electron trajectories and
equipotential lines inside the detector. In the beginning. the electrons are observed
fiving radially outward as shown in fiz. 13, Some of them move out through the hole
because the parameters are fixed by using equ.(13) obtained for concentric spheres.
Therefore. those electrons which do not reach the outer splere should be bent to

hit the outer sphere. For this reason the —20kV electrode is made of conical form

30




Figure 18: Cross section of the two concentric spheres and electrodes. With the
potentials indicated. the trajectories of the electrons are obtained . The holes in the
inner and onter spheres correspond to the opening angles of 3¥ and 13Y, respectively.
with half angle 60" keeping in mind the 3” opening angle to he there. Since the
surface of the outer sphere will be covered by a scintillator. technically it is easier to
make this part conical rathier than spherical. For better collection of the electrons.
the halt angle of the cone should be 33°. Tn addition to these two cones. electrodes
of different potentials ave placed to shape the electron trajectories. This correction
15 necessary especially for electrons from the outer edge of the electron-emitting
electrode. Another electrode is placed on the inner edge of the —20k\V-electrode to
hend the electrons from tlis edge and force them to reach the OkV-electrode.

As it can be seen {rom fig. 19. some electrons do not reach the scintillator. This
loss must be accepted because if they are bent to some part of the detector. the

accuracy of the Doppler-shift correction wonld inevitably decrease.
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all lengths are
ncm

—— 14 —10.75 -]

Figure 19: Cross sectional view of the design ol & detector whicl uses backward
emitted electrons.

For the purpose of the Doppler-shift correction. the scintillator must be subdi-
vided into small parts. The Doppler-shift of the - -reys emitted from recoiling nuclel

in linear approximation is given by [25)

AE, = [, 3rcost, (B4
where £, is the energy of the gamma-ray. J- is the recoil speed divided by speed

of light and 8, is the recoil angle.




In order 1o determine the velocity veetor of the recoiling nuclel. one must know
the distance it has traveled. the time ol Hight and the scatterine angle. These

quantities cannot be measured exactly. The uncertainty caused by measuring these

quantities is wanted to he kept below Tke\'. From equ.([4), the following relation

can be derived

ANAF) = Ejcost, N3 — B, desinll AN, (13)

Here it can be seen that the uncertainty in #, is not important for a Ge detector

placed at 0. which gives

ANAEE, =2N3, (16)

If the samma-energy is around [NeV and 3. < 0.03. then for the energy nncer-

taintv of about lkeV one obtains

Ad, = 0.001 (17)

and

N3/ dr = A= 1/30 (13)

For the other extreme case. if the detector is placed at 90Y. the nnecertainty in 8,
becomes important and with the above asswmptions of £, = [ /el 3. < 0.03 the

angnlar uncertainty is limited to
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A, 2 130 2 2 (19)

Since there is an angular uncertainty of 6% — 3% due to the size of the germanium
detectors. even a somewhat larger angular uncertainty of the order of 3° can be
tolerated.

The idea is to subdivide the scintillator area into small hexagons whose size
can be determined using the uncertainties in length requ.(13}) and angle (equ.(19)}.
Accordingly, it is found that 90 subdivisions can be made. In contrast to the RFD
there is no empty space berween the small detector areas.

The division of the scintillator plane helps to do rhe Doppler-shift correction in
the following way. Lach small area on the scintillator has its opposite on the electron
emitting electrode. In principle. all electrons emitted from every small part should
fall on the corresponding area of the scintillator. If one knows from which part of
the electrode the elecrrons are emitted. then the recoil angle and the distance it has
traveled i1s known. But. it may happen that. electrons from different parts of the
electrode may overlap on one scintillator division. This means two different heavy
ions with different recoll angle emit electrons from two different parts but these may
fall on one scintillator division and they may be treated as if they were emitted from
one part and by nuclei with the saﬁ;e recoil angle. This creates a problem for the
correction. The only way to avoid this problem is not to detect those overlapping
electrons. This can be done by defining the parts where these electrons are coming

from as dead.
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The seintitlator area on which overlap 15 observed depends on the emission en-
ergy of electrons. [t is known that most of the electrons are emitted with energy
less than 10 eV [ibk For this. the electron-trajectories are calculated (using the
program SINION [17]} by varviug the energy. Electrous emitted from one point
with a certain energy and with different emission angle hit at different points of the
scintillator. The calculation is done for different emission angles (from —90° to 90°
measured from the normal of the surtface). The electrons are distributed in a certain
range where the width of this range depends on the energy. The width as obtained
from the caleulation is p.lott.ed in fiz. 20 as a function of energy. As it is seen the
width 1s i]lCI'E‘aSiI_lg with energy. One can expect from a rough calculation that the
width is proportional to the square root of the energy.

The subdivision of the scintillator is planned to have a size of fcm. and the width
ohtained for 10e\” emission energy is abowt Licm which is comparable to the size
of the subdivision. But the width is as small as 0.6cm for 2eV. This shows that it is
strongly dependent on the emission energy. Althougl it is known thar most electrons
are emitted \\'ith_ e:iérgies less than 10eV, the detectors used for this purpose are not

efficient enough for energies smaller than 10eV [9]. Thevefore. it would be essential

to know the enersies of the emitted electrons with higher accuracy.
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Figure 20:  The width of the electron: ™ distribution at the scintillator position as a
function of their emission energy.
3.3 'Test Measurements

Experiments were done in order to se« iZ - he 1dea of using backward emitted electrons
1S promising,.

The electronics was the same as “he one used for coincidence measurements
using the RFD element {see fig.(1011. The difference is the way the element used
was placed inside the test chamber. Accordingly, the position of the source was also
changed.

For a test experiment the element used was a very simple one. It consists of

two electrodes of which one is supplied with negative high voltage and the other
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Figure 21: The experimental setup for observing the backward emitted electrons.

600 i

5009
4004k
300 48

200

ADC?2 (channel number)

11000 200 300 400 300 600
ADC1 (channel number)

Figure 22: Tiwo dimnensional plot (titue versus pulse heiglt» obtained with backward
accelerating element used in place of the RI'D element.
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is grounded. There is a thin foil of thickness 0.3 and diameter of fcm mounted
on the electrode with high potential. A hole on the other electrode allows the
heavy fission products to pass through aud iljt the foil. Electronus emitted in the
hackward direction will be accelerated (without anyv focnsing ) towards the scintillator
counter, and the signals are treated as described in section 2.1, The experimental
arrangement is shown in the fig. 21

The event distribution obtained is shown in fig.122:. One can se rhat one group
of events arrive within a very small time interval around channel number 260. These
signals obviously are created by fission fragments. The randomly time-distributed
sighals at small pulse height constitute noise events. Their number iz much larger

(compared to the true events) than in the case of the RED-element see fig. 11).

This fact is a conssequence of the small vield of backward enntted elecirons.




4 Conclusions

The work is divided in two parts. the test experiment rone with the existing RFD-
element and the designing of a detector which uses electrons emitted in the backward
direction.

The first part of the work was aimed at finding the reason for the low efficiency
of the Recoil Filter Derector and giving a solution to increase the efficiency. It was
found rhat the electrons emitted from the edee of the thin mylar foil are not well
tocused on the plastic scintillator. This focusing property of the element was found
to be sensitive to the position of the mylar foil. The optimum condition was found
to be moving it by 4 mm from the outer edge of the first electrode and the efficiency
should be larger. because the large electron loss is now avoided. A real in-beam
experiment must be carried out to check this finding.

In the second part. design studies of a heavy-particle detector which uses back-
ward emitted electrons was made, This detector turned out to be a cood alternative.
and in some cases. especially for low-energy recoiling nuciel it may replace the ex-

isting RED. The advantrages over the Recoil Filter Detector are:

— It does not use thin foils which are difficult to prepare because the electrons
are emitted from the entrance surface of the foil while for the REFD they are -

emitied mainly from the exit surface.

- Backward emission of electrons has the advantage ro move the energy threshold

of 1ons to lower energies.
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fts active detector area can be made larger than for the RFD. Empty space

between the detector elements does not appear.

_Most electrons emitted backwards have energies lower than about 10eV. How-
ever. the correct energy distribution is not well known. Therefore. further
experimental tests are necessary to investigate the focusing;‘ properties of the
new detector crucial for Doppler shift corrections. Onlv then this trigger de-
tector can be used in advanced in-beam experiments with other detector arrayvs

like OSIRIS.
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