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Abstract: This work explores theoretically the possibility of using a simple pulse mode parallel plate gas
ionization chamber, having no Frisch grid, both for energy estimation and Z-identification of moderate energy
light heavy ions. A mathematical expression for the energy of a heavy ion that enters into the ionization
chamber through the cathode window and gets stopped in the sensitive volume is derived. An expression for a
quantity similar to the range of the heavy ion is also derived. The plot of energy against this quantity is expected
to give an opportunity to use a simple pulse mode parallel plate gas ionization chamber, without Frisch grid, as
a light heavy Z-identifier. This work is based on the measurement of the electron collection pulse height and two
other heights that the electron collection pulse reaches at two pre-calculated instants of time during the pulse
rise time. A4 ‘preset pulse clipper’, the basic principle of which was proposed in a previous paper, may be used
to measure the heights. Measuring heights - without using the ‘preset pulse clipper’ - by means of digital
sampling and software based processing techniques may be possible if it be possible to determine the start time
of the digitized pulse. One possible method for determining the start time of the digitized pulse is evaluated. The
simulated plots, which represent the expected identification capability of this method, are made considering all
the phenomena relevantly associated from physical point of view.

Keywords: Pulse mode parallel plate gas ionization chamber, electron collection pulse, Z-identification of
moderate energy light heavy ions, ionization tracks of heavy ions, the start time of a digitized pulse.

. Introduction

A pulse mode parallel plate gas ionization chamber (PMPPGIC) is operated only by way of collection
of electrons in the interest of having fast time response. At the moment when all the electrons are just collected,
the total charge on the anode is the algebraic sum of the charge of the electrons and the charge induced by the
positive ions. Since the charge induced depends on the distances of the positive ions from the anode, the total
charge on the anode for a given number of electrons may be different at different situation. And that results in
the formation of different electron collection pulse heights for a given energy. So an electron collection pulse
mode parallel plate ionization chamber is not suitable for energy measurement [1, 2].

In order to eliminate the effect of positive ions, the anode plate is shielded from the positive ions by
introducing a grid, known as Frisch grid, between the parallel plates [2, 3]. Once the anode is shielded from the
effect of the positive ions, the pulse height is determined by the collected electrons only. But, in the present
work we have shown that the effect of positive ions may also be eliminated without the use of a Frisch grid. A
simple PMPPGIC, having no Frisch grid, may be shown, theoretically, to be suitable for Z-identification and
energy estimation of moderate energy light heavy ions. Because of low stopping power in gases this method is
expected to be confined to moderate energy heavy ions. In other words we have tried to study theoretically the
possibility of using a simple PMPPGIC - having no Frisch grid - for Z-identification and energy estimation of
moderate energy light heavy ions. It may be necessary to mention explicitly that no second detector, in addition
to the PMPPGIC, is required to be used in the proposed technique.

A mathematical expression for the energy of a heavy ion that enters the ionization chamber through the
cathode window and gets stopped in the sensitive volume is derived. An expression of a quantity similar to the
range of the heavy ion is also derived. The plot of energy against this quantity is expected to give an
opportunity to use a simple PMPPGIC, without Frisch grid, as a heavy Z identifier. This theoretical work uses
the concept of measuring the height that a preamplifier pulse reaches at a pre-calculated time during the pulse
rise time introduced in [4]. When Z-identification is required, for each incident heavy ion two/three
measurements are required to be performed, namely measuring the height that the preamplifier pulse reaches at
the moment of complete collection of all the generated electrons and the heights that the preamplifier pulse
reaches at two pre-calculated instants of time during the pulse rise time. The necessary information on the range
of heavy ions and the nature of heavy ion trajectories has been extracted from SRIM calculations.
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Il. Energy of the heavy ion stopped in the ionization chamber

2.1. Assumptions

The theory which may enable one to use a simple PMPPGIC for ‘estimating energy and Z-
identification of heavy ions’ is based on the following assumptions:
1) ‘The pressure of the gas and the strength of the electric field’ in the ionization chamber are of such values that
a) the electron mobility (pL ) is about1000 times larger than the ion mobility (b; ),
b) the possibility of ion-electron recombination is negligible,
c) the plasma erosion time is negligible and
d) the diffusion of electrons and positive ions during the electron collection period is negligibly small.
2) The gases in the ionization chamber are free from electronegative impurities which have large cross-sections
for capturing electrons to form negative ions. So, electrons only are responsible to form the negative charges.
3) The gases in the ionization chamber are distributed homogeneously.
4) The heavy ion enters the sensitive volume of the ionization chamber through a very thin cathode window and
loses its full energy in the sensitive region of the chamber mainly by creating electron-ion pairs. The probability
that the heavy ion suffers range scattering in the gas is very much less and the ionization track remains almost
straight in turn.
5) The created electrons and ions are distributed along the track of ionization in an identical pattern and
symmetrically around the track of ionization. As a result the centroid of the electrons is in coincidence with that
of the ions at the beginning.
6) The symmetrical nature and the distribution pattern of both electrons and ions remain unchanged as long as
none of the electrons or ions has reached the electrodes.
7) The charge collection time constant is such that the collected pulse reflects only the electron drift.

(The assumptions at serial nos. 1), 2) & 7) are the conditions normally encountered in a pulse mode gas
ionization chamber.)

2.2 Derivation of the expression of energy

Let us consider a PMPPGIC whose anode surface is represented by x=0 plane and the cathode surface
is represented by the x=w plane (Fig. 1). w is the distance of separation between the two parallel electrodes. The
direction of electric field between the two electrodes is parallel to the x-axis. The magnitude of the same is
given by
F=V/w Q)
where V is the bias voltage applied between the two electrodes.

The heavy ion enters the sensitive volume of the ionization chamber through a very thin cathode

window and loses its full energy therein mainly by creating electron-ion pairs. And the track of ionization
originated from the cathode window makes an angle with the electric field direction. Electrons and positive ions
created along the ionization track of the heavy ion move in opposite directions under the influence of the electric
field. The drift velocities of the electrons (v.) and the positive ions (v;) are given respectively by

F F
Ve = M — and V; = g4 — @
p Y

where p is the gas pressure in the ionization chamber. At low values of F/p (which are normally encountered in a
pulse mode gas ionization chamber) the order of magnitude of the electron mobility for most of the gases is
10%(cm/s) (V/cm)*torr which is around 1000 times higher than that of the positive ion. As pe=~ 1000y;, the ions
may be taken to be at rest during the electron collection period. In an ionization chamber, for which w=40cm,
ions traverse a negligible distance of 0.4mm (approx) during the electron collection period. So, during the
electron collection period the positive ions are effectively at rest. It is important to mention that the electron drift
velocity in a pulse mode ionization chamber is normally maintained in the range from 5 to 6 cm/us in the
interest of having fast time response.

The electrons and ions created at x=w may be named first electrons and first ions respectively. Let R,
be the distance between the centroid of the first electrons (CFE) and the centroid of all the electrons (i.e., the
centroid of the created electron cloud). Since most of the tracks of heavy ions are supposed to be straight (unlike
the light ions), the angle of orientation of R, may be taken to be equal to the angle of incidence. The centroid of
the electrons is in coincidence with that of the ions at the beginning. R, may be named mean distance of
electrons or ions from the entrance window at the beginning. Let us assume that at time t=0 the centroid of the
electrons just starts getting separated from that of the ions under the influence of the electric field. Since the
pattern of the distribution of electrons remains unchanged, the value of R, and its three dimensional orientation
remains unchanged as long as none of the electrons has reached the anode.
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Cathode

Anode

Fig. 1 Vector R represents the ionization track of the heavy ion at time t=0. x;c and X represent respectively the
distance of the CFE from the anode surface and the distance of the centroid of all the electrons from the anode
surface at time t. D is the position vector of the centroid of all the electrons at time t. R; is the distance between the
centroid of all the electrons and the CFE.

At time t (where 0<t <w/v,) the position (Fig. 1) of the CFE is given by
X1t = W —Ve t 3)
In accordance with Ramo’s Theorem [5] the expression of the charge induced Q. on the anode by the electrons,
as long as none of the electrons has reached the anode, can be written as

Qe =qu[W_X”j @

n=1 w

where (|, is the electronic charge, N is the total number of electrons created, X, is the distance of separation of

the n™ electron from the anode when the distance of separation between the CFE and the anode is X, .
N = E/gl if E is the energy of the ionizing heavy ion and ¢ is the average energy required to form a free ion-

electron pair.
The magnitude of the position vector D of the centroid of all the electrons is given by

LG

D=4l =D %, | +d?, ®)
N n=1

where d is the distance of the centroid of all the electrons from the x-axis. From Eqgs.(4) and (5) one gets

(o -1

where X is the distance of the centroid of all the electrons from the anode at time t. But X, = X;, — X where

X =R, €C0s@ and 0 is the angle of incidence. Now, in Eq. (6) Q, can be written as the sum of two terms.

Qte:qu( _&J+qu[wJ (7)
w w

Thus it appears that the expression of the charge induced by the electrons on the anode, as long as none
of the electrons has reached the anode, consists of two terms the first one of which increases linearly with time
whereas the rest one remains invariant with respect to time. The correctness of Eq. (7) from physical point of
view can be understood once the charge, induced by the ions, is considered also simultaneously.

According to Eq. (3), Xy = w when t=0. So, at time t=0 the charge induced Q. by the electrons on the
anode, found from Eq. (7), is given by

R _cosé@
QOe = qe N (C—j

Since the displacement of the positive ions during the electron collection period is negligible, the charge induced
Qui by the positive ions on the anode at any time t (where 0<t < w/v,) can be found by replacing x;; and g by w
and g; (ionic charge) respectively in Eq. (7) and the same is given by

(7.2)
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R. cos 6’) 0.2

Qti :qiN(
W

The total charge induced at time t (where value of t is such that none of the electrons has reached the anode) by
the electrons and the ions, found by adding Eq. (7) to Eq.(7.2), is given by

Qi +Q. N(l_jﬁ(l —)

W & \W
where e represents the electronic charge. Then the height that the pulse reaches at time t is given by
+ X
H, = Qu+Qe _ —C,E|1-—2 (7.3)
C; W

where ¢, =e/C; ¢ and C; is the feedback capacitor of the charge sensitive preamplifier compatible to the
ionization chamber. Since only the amplitude of the pulse is the matter of interest, the negative sign is of no
importance and E can be expressed as

H
E= H, = E, , where E, = -t ®)

{5
w w

Eqg. (8) states that, as long as none of the electrons has reached the anode, the shape of the signal depends only
on the number of electrons produced, i.e. the energy of the incident heavy ion. Another important outcome to be
noted is that the value of E does not depend on the angle of incidence. Thus it may be possible to estimate the
energy of the heavy ion by measuring the height that the preamplifier pulse reaches at a pre-calculated time
during the pulse rise time, provided that none of the electrons has reached the anode within the pre-calculated
time.

The condition under which Eq. (8) holds good implies that the value of x;; should be greater than R, the
range of the incident heavy ion. The larger the value of R the larger will be the required value of xy;. But, E;
decreases with the increase of xy; in accordance with Eq. (8). The measurement of E; with good accuracy may
not be possible if its value is very low. So, the value of Xy, is to be chosen suitably.

2.3. Elimination of the pulses generated from the heavy ions of range greater than X,

Every incident heavy ion, irrespective of its range, is supposed to yield a value of E;. But, only such
values of E; as correspond to the heavy ions of range less than xy; are acceptable. So the detector system is to be
organized in such a way that all such values of E; as correspond to the ranges that are greater than xi; get
rejected automatically.

Let Etl be the height which the preamplifier pulse reaches at time t;, where t;<t, during the pulse rise
time. From Eq. (8) it is found that the ratio

= / Etl = (W_ Xy )/(W_ X:Ltl) ©
is a function of X, and X;; only for a given w. Thus it is found that the ratio of E, and EIl is independent of

energy as long as the range is less than X, . If x; = 0.7 w and X, =0.75w, the ratio E, /E, will be 1.2.

A pulse, for which the ratio of E, and EIl is not the same as the value yielded by Eq. (9), may be taken to have

originated from a heavy ion of range greater than X;, . So, the pulses for which Eq. (9) is not satisfied are to be

eliminated.
2.4. Variation in the ratio E, /E,

Each electron collection pulse from the PMPPGIC is contaminated by unavoidable random electronic
noise (Gaussian in nature) generated by the PMPPGIC itself, the preamplifier and other modules. So, in signals,

which are identical in all respects, there will be a distribution in each of the values of E, and EIl . Therefore, a
distribution will also be associated with the ratio E, / Etl . The expression of the standard deviation associated

with the estimation of the ratio E, / Etl (which is represented by r) is given by

o, = {r\/1+ r?/2.351-x, /w)}(FWHM JE), (10)
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Where FWHM in keV represents the spread caused by ‘electronic noise’. Table 1 gives the range of the
predicted values of r under different experimental parameters. And P( represents the ‘Gaussian

r+so,)
Distribution predicted’ probability that an experimental value of r will be confined to the range r + S 6. In a
given experimental condition a pulse for which r is not confined to the predicted range is to be rejected.

Table 1 The probable values of r=E;/ Ey;
r E FWHM | or S r+S o, (Ser/r) P(r:S on
MeV keV x100

1 1.196 - 1.204 0.332 683

30 0.0039 1.64 1.1935-1.2065 0.545 90

20 258 1.1897-12103 0.857 99

1 1.1973 -1.2027 0.222 68.3
20 0.0026 1.64 1.1956 — 1.2044 0.363 90
258 1.1931-1.2069 0.572 99

1 1.1992 - 1.2008 0.066 68.3
30 0.00079 1.64 1.1987 -1.2013 0.109 90
100 2.58 1.1979-1.2021 0.171 99

12

1 1.1995 - 1.2005 0.044 68.3
20 0.00053 1.64 1.1991 -1.2009 0.073 90
258 1.1986 — 1.2014 0.114 99

1 1.1997 - 12003 0.022 68.3
30 0.00026 1.64 1.1996 — 1.2004 0.036 90

300 258 1.1993 - 1.2007 0.057 99

1 1.1998 — 1.2002 0.015 68.3
20 0.00017 1.64 1.1997-1.2003 0.024 90
258 1.1995 - 1.2005 0.038 99

o, is calculated taking w=400mm, X;=0.7w and X;;;=0.75w. The chosen values of s are encountered normally in
estimating errors.
I11. Identification of heavy ions
During the electron collection period t, = w/v, the created electrons will be getting collected at the
anode. So the total electronic charge accumulated on the anode at the end of the electron collection period will
be g.N. Since the displacement of the positive ions during the electron collection period is negligible, the charge

Qtai induced by the positive ions on the anode at time t, will be the same as that given by Eq. (7.2). So the total
charge on the anode at time t, will be given by

R. cosd E R. cosd
Q.+Q,=0.N+g N(C—j = —e—[l—c—j and the corresponding pulse height is given
! : w £ w

R. cosé
by H, = —COE(l—C—j . So the amplitude of the pulse at time t, will be
2 w
R. cosé R.cosé
H, =COE(1—C—j or E, = E(l—c—j (11)
@ w 2 w
If the angle of incidence be zero, the expression for the electron collection pulse height will be given by
R R
H, :COE(l——C] or E, = E(l——cj ,whereE, =H, /c, . (11.2)
a W a W a a

Eq. (11.1) states that the integrated signal depends on the mean position of the electrons (or ions) generated
along the track of ionization and the energy of the heavy ion when the angle of incidence is zero.

The value of Rc obviously depends on the pattern of the distribution of the generated ion-electron pairs
along the track of ionization. The Bethe-Bloch formula for non-relativistic heavy ions yields that for a given
initial energy such distribution pattern depends on the identity of the heavy ion. So the value of Rc represents
the identity of a heavy ion at a given energy. Thus, for a given energy, the value of R¢ will be different for
different type of heavy ions. The expression for R¢, found from Egs. (8) and (11), is given by

E
Re W 1_i(1_ﬁ] (12)
cos & E, w

Thus by measuring E, and Eta it may be possible to plot E versus Rc for a given incident angle.
Different curve, in the E versus Rc diagram for a given angle, is supposed to represent different type of heavy
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ions. Thus the identification of heavy ions with the help of a simple PMPPGIC, based on electron collection, is
expected to be possible. In the experiment one has to measure E; and E;, for each pulse and plot E versus Rc
cosO for identification purpose.

It can be shown relevantly that starting with an empirical range-energy relation of type R =aE” one can
derive the basic formulas given by Egs. (8) and (11.1). For this type of empirical relation one finds that
Rc = (b/ (1+b)) R. Since the relation between R; and R is linear, the plot of E versus R, may be a substitute for
the plot of E versus R.

IV. The possible techniques of measuring E, and E,
4.1 Using a proposed module named preset pulse clipper
For measuring the heights E, and Etl a dedicated precision electronic module named preset pulse
clipper, the basic principle of which has been proposed in [4], may be used. The preamplifier pulse is to be split
into three identical pulses (preserving the original shape and height); one for measuring Eta (the electron

collection pulse height) and the rest two for measuring E, and Et1 . The rest two are to be fed to two separate

preset pulse clippers to get pulses corresponding to E, and Et1 . tand t; are the two delay times to be preset
instrumentally in the two separate preset pulse clippers. It may be mentioned redundantly that the determination
of t=0, the start time of the pulse, is not required here. The pulses corresponding to Eta , E,and Etl can be

processed by means of standard analog method followed for energy measurement. Then the evaluation of E and
Rc will enable one to plot E versus Rc for heavy Z identification.

4.2 By means of digital sampling and software based processing techniques
It may be possible to measure the pulse heights E, and Et1 simply by means of digital sampling and

software based processing techniques. A study of [6] may be helpful in this regard. The digitized signal Eta

may be software managed to reproduce the basic principle of the proposed pulse clipper. The time slicing
provided by a digitizer introduces a natural time scale whose each division is equal to the sampling period. So
the pulse clipping times may be expressed in terms of sampling periods. Here, it is necessary to measure each
signal always at the same precise times t and t; with respect to a reliable start time (i.e. we should have a reliable
trigger which starts the digitization). From the physical point of view the start time is supposed to be
approximately common for all the ions under identical experimental situation, but owing to the unavoidable
electronic noise the start time will appear to have fluctuations. (To avoid any confusion it may be relevantly
pronounced that the start time is not the time at which the ion enters the chamber. It is the time at which the
centroid of the electrons just starts getting separated from that of the ions under the influence of the electric
field, i.e. it is the point of time at which the pulse starts getting built up. ). Now our aim is to determine the start
time of the digitized pulse without which clipping a pulse is not possible.

4.2.1 Determination of the start time of the digitized pulse and maximum possible start time error

The height of the pulse at the start may be a clue for determining the start time. At the start the height
of a given pulse should be zero. But, owing to the presence of electronic noise the height remains uncertain. So,
it is necessary to choose justifiably a height - which may be named ‘reference height’ - very close to most of the
possible heights at t=0. The value of the reference height should be so chosen that the start time can be proved to
be confined to a well defined small span of time.

Now the height which 99% of the detector pulses, corresponding to a given energy E, will reach at time
t during the pulse rise time is confined to the range

E, =(BEv, /W)t +2.580, (@)

where the 1% term comes from Eq.(8) and ogrws is the RMS electronic noise which is required to be determined
before the start of the experiment. At t=0 the value of E; will be confined to the range £2.58cgms With 99%
probability. When t=t, , where t.¢ is given by

t. =2%x2.58Woq,s /(EV,) (b)
the value of E, , which may be named Etref , will be confined to the range from 2.586gus t0 3x2.58 Grums With

aforesaid probability. The lowest value of Etmf , which is 2.58crms, May be taken as the required reference
height for determining the start time of the pulse.
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If the range of the heights at time t is given by Eq. (a), the condition, that two consecutive samples of
the corresponding digitized pulse will invariably be of different values, can be written as

7>2x2.58Wop,s /(EV,) (©

where 71 is the sampling period of the digitizer. From (b) and (c) it is found that T > t.. If the value of E goes
below a certain low value, the condition (c) will no more hold good, for a given value ofz.

When the reference height is equal to 2.58crms and © > t,s, One may evaluate the start time in the
following way:

The lowest digitized value of E; - for which (E—2.58crms) > 0 - may be taken to be the second sample

of digitized pulse. Since this E;, which may be named Etmd) , Is the lowest but getter than 2.58crums, the digitized
value of Et(m), (which is the digitized value of the sample just prior to the second sample) will obviously be

either equal to or less than 2.58crws, in accordance with the inequality (c). Hence the digitized value of Et(m),

may be approximated to be the first sample of the digitized pulse and the corresponding time may be taken as
the start time, t=0, of the pulse with an error less than +t. This range of confinement of the error in determining
the start time of the pulse can be understood if all of the relevant possible situations, written below, are
examined keeping in mind that © > t.r. The situations are:-

*ift 5pq) COINCides witht, ¢, it is obvious thatt,, 4, <start time<t, 4,

*ift 5,4y appears aftert, ¢ , it is obvious thatt ,,q) ,, <start time<t,.,, and

ref

*ift ,nq) appears before t, ¢ , it is obvious thatt,,q , <start time<t., 4 ,

ref

where 1,4, is the instant of time at which the second sample of the digitized pulse occurs; similarlyt 4,
corresponds to the first sample and 1,4, ,, Ccorresponds to the sample prior to the first sample. And t,

expresses the instant of time at which the period t,; ends. Now, the software may be organized to find out the

lowest valued sample for which (E/—2.58crms) > 0 and the same may be taken as the second sample of the
digitized pulse; and the sample just prior to this will be taken as the first one.

If w=40 cm, FWHM of electronic noise=30keV, v.= 5.5cm/us, S=2.58 and the lowest energy of the
incident heavy ions (Epwest) =20MeV, the value of T should be greater than 24ns as per the inequality (c). A
digitizer of sampling period 25ns (i.e. a sampling frequency of 40 Msamples/s) may be used in this situation.
Here the value of S is taken as 2.58 in view of that, for 99% of the pulses corresponding to a given energy, the
start time can be determined with an error less than £25ns. For a given set of w, v, S and E,oes the lower the
electronic noise the lower will be the required sampling period; again, the lower the sampling period the lower
will be the error in determining the start time. Software based digital signal processing normally does not
introduce any additional noise contribution. So the analog portion of the electronic chain is the only source of
electronic noise. Therefore, the electronic noise generated by the analog portion of the electronic chain is one of
the factors to decide the sampling period of the digitizer to be used. For 15keV electronic noise the value of 1
may be around 15 ns.

The clipping time t, if expressed in terms of sampling periods, will appear as t=n;t + nst, where n; is an
integer and n; is a fraction. The pre-calculated value of the clipping time is to be adjusted to eliminate the
fractional part ngt. For a given pulse (corresponding to a given energy) the error, if exists, in determining the
start time may appear as +k;t or —k,t, where k; and k; are fractions (Fig. 2.1). In some situations k, only may
exist. Fig. 2.2 shows a situation in which the start time error does not occur. Then the clipping time for a given
pulse should ideally be written as t=n;t + kyt or t=n;t — k7 in general. Since the values of k’s are not known,
one may clip at t=nyt (with respect to the determined first sample of the digitized pulse) with an expected error
of value either + kyt or — kot for a given energy. Thus the ‘start time error’ gets incorporated in the pulse
clipping time.

The error in the clipping time causes an additional error in the value of E, besides the errors caused by
electronic noise, the charge production statistics and such other factors as may be associated unavoidably. A
little study of  Fig. 2.1 yields that for a given energy (ki+ kz) <1. When both the k’s are nonzero the probability
of occurrence of +k;t and —k,t may be taken to be equal because of the randomness of electronic noise. So the

mean of the clipping time will be  t+7(k, —K,)/2and the standard deviation associated with the clipping

time will be (K, +K,)7/2. Now, the expression of standard deviation o (found using Eq. (8)) associated with
E as a result of aforesaid uncertainty in the clipping time t, may reasonably be given by
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o, =(E/t)(k, +k,)7/2. Since, (k+ ky) <1 one may writes, <(E/t)r/2. To take only the account for
maximum possible error arising out of the clipping time, one may write o, =(E/t)1/2. When w=40 cm,
ve=5.5cm/ps, Xy, =0.7w, X, =0.75w and =25ns, one gets t =877 andt, =72z ignoring the fractional

part ngt as discussed above. At 20, 100 and 300 MeV the estimated values of o; are 115, 575 and 1724keV
respectively.

1280F
1240+ } =2 58C rms
12001 S
1160+
1120+
1080+
1040+
1000+
960+ Pulse Height in ke
920+
880+
840+
800+
7601+ B
720+ S« Initial part of the pulse

The start time and the associated error

6801 corresponding;to a heav:
6401 ion of energy 300MeV The instant of time at which
6001 digitiged sample appears
560+ ¢
5204
agof O =T = 2T = 3T = AT
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400+
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Fig. 2.1 It is assumed that each of the shown analog pulses start at 20 ns in reality and the samples of the
corresponding digitized pulses appear at 0, t, 27, 31, 41,.... where T, the sampling period of the digitizer, is 25 ns. (a)
For 25 MeV pulse: If the second sample appears at 25 ns, the sample at 0 ns may be taken to be the first sample of
the pulse. So, the start time error in this situation will be —20 ns and may be expressed as —k,t, where k,=4/5. If the
second sample appears at 50 ns, the sample at 25 ns may be taken to be the first sample with an error of +5 ns, or
+k;7, where k;=1/5. Thus there may be two start times for a given energy. Since the amount of preset clipping time is
the matter of interest and is kept fixed, the shifting of the start time will cause no problem in the experiment. (b) For
300 MeV pulse: It is obvious that the second sample will appear at 25 ns only. Because, 99% of the possible values of
the sample at 25 ns (i.e. all the values of the sample within the error bars at 25 ns) will be higher than the defined
reference height, which is 2.580rys. S0, the sample at 0 ns may be taken to be the first sample of the pulse with an
error of — 20 ns or —k,t, where k,=4/5. (c) Thus this figure shows that the start time error is confined to the range +t
and (k;+ k) <1 in any of the situations in which a start time error occurs.

The start time with no associated error
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Fig. 2.2 It is assumed that in reality the start time of each of the shown analog pulses coincides with the instant of
time (say 25 ns) at which a digitized sample appears and assumed also that the sampling period 7 of the digitizer is 25
ns. For each of the two pulses it is obvious that the second sample will appear at 50 ns only. Because, 99% of the
possible values of the sample at 50 ns (i.e. all the values of the sample within the error bars at 50 ns) will be higher
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than the defined reference height, which is 2.586gvs. So the sample at 25 ns, which is just prior to the second sample,
will be the first sample of each pulse. Thus this figure shows the possibility of occurrence of no start time error.

From the sets of three ‘digitized and processed” pulses corresponding to E, , E, and E, the software is

organized to accept only those sets for each of which the ratio r is confined to a pre-estimated range r = S o, (as
discussed in Sub-section 2.4) i.e., the software has to do the job of accepting the pulses of all such heavy ions as
are of range less than x;;. Then the software may be further organized to calculate the values of E and Rc and
plot E versus R¢ for heavy Z identification.

V. Estimated results
5.1 Estimation of the values of E,, E, and E_

If the sensitivity of the charge sensitive pre-amplifier be 1juV/electron-ion pair, the value of C, for P-10

gas may be taken to be 37.87mV/MeV. It is claimed (by SRIM itself) that the range of a heavy ion found by
SRIM calculations is accurate, usually, within 5% of the actual experimental value. Assuming this claim of

accuracy to be true one may estimate, from Eq. (11.1), the value of Eta taking Rc to be a fraction of the SRIM

calculated range. In the calculation it has been assumed that Rc = 0.7R, where R represents the estimated range.
It is assumed that the detector of interest is made of P-10 gas and its very thin entrance window of thickness

1um is made of aluminized Paralene-C. Tables 2.1 and 2.2 give the estimations of E,, Etl and Eta , for a
number of moderate energy light heavy ions, made on the basis of the following assumed parameters:
P=600 torr, T=300 °%, w=400mm, X, =0.7w, X, =0.75wWand 6=0°. The density of the P-10 gas at pressure

600 torr is pp_, ~1.115mg/cm® . In Tables 2.1 and 2.2 each estimated R is less than X,, . So Eq. (8) holds
good for all the values of R appearing in Tables 2.1 and 2.2.
Table 2.1 Estimation of the values of H,, H, andH,

w =400 mm, x3;=0.7 W, Xiu =0.75w, P =600 torr,0=0 and p -1.115mg/cm’

E 14N 160 19F ZONe 23Na
R H, R H, R H, R H, R H, H, H‘l
MeV mm mv mm mv mm mv mm mv mm mv mv mv
20 30.24 717 25.72 723 2215 728 205 730 189 732 227 189
40 7423 1318 60.06 1356 49.14 1384 425 1402 373 1416 454 387
60 131.25 1750 103.95 1859 8221 1945 69.6 1995 60 2034 682 568
80 201.6 1961 155.4 2206 119.7 2395 100.9 2495 86.4 2572 909 757
90 2415 1968 184.8 2306 140.7 2569 1176 2707 100.7 2808 1022 851
100 215.25 2360 162.7 2709 1354 2890 1155 3022 1136 946
110 248.8 2352 185.8 2811 1543 3041 1312 3210 1245 1037
120 211 2866 1753 3151 147 3376 1363 1135
130 237.3 2881 1953 3241 164.8 3504 1477 1230
140 264.6 2847 217.3 3286 182.7 3607 1590 1325
150 2415 3280 201.6 3677 1704 1420
160 264.6 3254 220.5 3721 1818 1515
170 2415 3717 1931 1609
180 261.4 3699 2045 1704
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Table 2.2 Estimation of the values of H,, H, andH,

w =400 mm, X;; =0.7 w, X111 =0.75w, P =600 torr
1

,0=0 and p-1.115mg/cm’
32

)

E *Mg Al i ip S H. | H,

R H W R H . R H . R H W R H W

MeV mm mv mm mv mm mv mm mv mm mv mv mv

20 18,06 730 168 735 148 738 15 737 1375 739 227 89

70 3454 416 3087 1433 27 1443 2635 1445 | 2383 | 1452 754 387

50 546 2033 777 2082 718 2106 3927 2116 | 3538 | 2132 682 568

80 7759 2572 66.7 2676 584 2720 5355 2746 184 2773 909 757

90 903 2887 769 2950 674 3006 6132 3043 | 5533 | 3079 | 1022 851
100 10342 3207 877 3205 76.7 3279 693 3328 6247 3373 1136 | 946 |
110 11655 | 3339 | 989 3445 866 3535 776 3600 | 6993 | 3656 | 1245 | 1037
120 13125 3376 110.2 3668 96.7 3776 862 3859 777 3927 | 1363 | 1135
130 T45.95 3703 1218 3874 | 1071 | 4001 95 7105 | 8568 | 4186 | 1477 | 1230
40 T61.7 3607 1344 7055 | 1176 | 4211 1043 7335 | 9376 | 4433 | 1590 | 1325
50 T7745 | 3969 148 7210 | 1291 | 4398 1134 7554 | 1022 | 4665 | 1704 | 1420

160 194.25 4056 160.6 4357 140.7 4568 122.8 4758 1102 4891 1818 1515
170 21211 4120 174.3 4475 152.2 4724 1333 4937 1197 5090 1931 1609

180 229.95 4162 189 4563 164.8 4851 144 5100 128 5290 2045 1704
190 248.85 4169 2037 4631 1774 4962 154 5257 1375 5465 2159 1799
200 267.75 4138 2184 4680 191.1 5042 164.8 5391 147 5627 2272 1893
210 2877 4066 234 4697 2047 5105 181.65 5624 1575 5762 2386 | 1988 |
220 2499 4688 2184 5148 188 5591 168 5883 2500 2083
230 266.7 4645 232 5175 199.5 5670 1785 5990 2613 2177
240 246.7 5166 212 5718 189 6084 2727 2272
250 2625 5119 2247 5746 199.5 6163 2840 2366
260 2772 5070 2373 5758 210 6229 2954 2461
270 250 5753 2215 6263 3068 | 2556 |
280 2635 5715 233 6281 3181 2651
290 277 5660 2457 6256 3295 2746
300 257 6252 3409 2840
310 269.8 6194 3522 2935

The range R of heavy ions is estimated from SRIM calculations. Hy, Hy, and Hy are calculated from Egs. (8) and
(11.1). Hy, is calculated assuming that R.=0.7R.

5.2 E versus R plots for the identification of moderate energy light heavy Z

Now we consider the situation in which our proposed preset pulse clippers [4] have been used for
clipping pulses. In Fig. 3 the thick lines represent expected E versus Rc (taking the data from Tables 2.1 and 2.2)
plots for a number of different types of light heavy ions of moderate energy when the angle of incidence is zero.
The dotted/thin lines in Fig. 3 represent the expected E versus ‘projection of R.’ plots when the angle of
incidence is 15" When the angle of incidence is 0, the projection of R, may be denoted by R.(0). In experiment

R.(0) is to be calculated from Eq.(12) obtaining the experimental value of E; and Eta .

R.(0) decreases with the increase of 6. Thus for a given type of heavy ions different dotted line for
different angle of incidence is expected to appear. And, as 0 increases, the separation between the thin and the
dotted lines increases for a given type heavy ion.
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Energy Vs Rc

Energy in MeV

2401 Thick lines correspond to 0° angle of incidence. P et e "y
Dotted lines correspond to 15° angle of incidence.

Rc in mm

0 20 40 60 80 100 120 140 160 180

Fig. 3 The expected E versus R, plots, for different types light heavy ions of moderate energy, are shown. Each pair
of thick and thin lines represents a type of heavy ions. In an experiment, a dotted band will appear in place of each
pair of lines.

It is natural that a normally incident ion beam must have an incident angular distribution. Because of
this angular distribution one is supposed to get a dotted band instead of a line for each type of heavy ions in the
E versus R, diagram. Fig. 3 represents a situation in which the incident angular distribution is confined to the
range from 0" to 15", This angular distribution causes R.(0) to vary; for example, for *2S ions of energy 300MeV,
the values of the projected R, varies from 173 to 179mm. Since in the present situation each band is well
separated from the subsequent band, heavy ions of different Z-values can be distinguish. A study of the heavy
ion trajectories, found by SRIM calculations, convinces us that for a normal incidence (i.e. when the incident
angle of the beam is 0°) the incident angular distribution is almost confined to the range from 0 to 5. So in a real
experiment the separation between any two subsequent bands is expected to be good for the purpose of Z
identification. Here it may be relevantly said our expectation is confined to the Z-identification only.

The estimated fluctuations, in the form of standard deviation, associated with the values of E and R(0)
are depicted in the plots. The total energy resolution of the ionization chamber may be written as:

(FWHM ), 1 =/ (FWHM )i + (FWHM)Z o (FWHM)Z, o cources - Where
*(FWHM ) sty »  the charge production statistical spread, derived from Eq. (8), is given by
(FWHM) icar = 2-35y/Ef e/ (L— X, / W) , f being the Fano factor.

* (FWHM ), ecironiciS the spread caused by the noise generated by the analog portion - mainly by the

preamplifier of the electronic chain - which may be taken to be 30keV typically.
* (FWHM) ersourcesiS the spread caused by other different sources like window thickness, unavoidable

electric field distortion, ion motion, electron diffusion and other minor deviations from the conditions assumed
in Sub-section 2.1.

The aforesaid spreads introduce fluctuations in the projected range which in turn introduce fluctuations
in R,(0). The expression of fluctuations in R.(0), in the form of standard deviation, derived out of Eq. (12), is
given by

o 2 ﬂ(l— R, cosé?j((7 ) 1)
R: () 1_(1_Xlt/W)2 E W E /total

The following values may relevantly be assumed in estimating (FWHM) gatistica @Nd Or ()" f=0.2 (a typical

value for gas), X, =0.7W, w=400mm, and & = 26.4€V . At 20, 100 and 300 MeV the estimated values of
(FWHM) gatistical @re 0.22%, 0.1% and 0.06% respectively. It may not be possible to estimate theoretically the

values of (FWHM) oer-sources: HOWEVET, it may be reasonable to assume (FWHM) 1 to be 1%; because for

fission fragments and heavy ions typical energy resolution figures found in different gas detectors are about 1%
[7, 8]. For *S ions the estimated values of O (@) at energies 20, 100 and 300 MeV are 2.46, 2.25 and 1.38 mm
respectively.
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Since the incident angular distribution and fluctuations in E and Rc(0), caused by the factors said
above, are not avoidable, there will be a dotted band in the E versus Rc diagram for each Z-value. It is relevant
to mention further that the estimated variation of Rc(0) for a given 6 exhibits the phenomena of range straggling,
which is defined as the fluctuation in track length for individual ions of the same initial energy.

Now we consider the situation in which we adopt the digital sampling and software based processing
techniques in place of using the proposed preset pulse clipper. In this situation, if the maximum value of oy, as
discussed in Sub-section 4.2.1, is taken into consideration, it may be reasonable to expect that coyera Which may

be given by O eran = w/O'tomz + Gtz will be less than 0.7% of the heavy ion energy when t = 25 ns and will
be less than 0.55% when © = 15 ns.

5.3 Error in the estimated E caused by the movement of ions

Since v, = 1000 v; , the movement of the ions during the electron collection period is ignored in
deriving the expression of energy E, given by Eg. (8). But in reality in time t, given by Eq. (3), the ions traverse
an extremely small distance (w — x3) / 1000 towards the cathode; and in the present case this distance is only
0.12 mm as w=400 mm and x;=0.7w. The ion movement, if taken into account, will change the expression of
Qi , given by Eq. (7.2), to

R. —VR,)cosé
Q; =0;(N —VN){( £ :) } where VN represents the numbers of ions which have reached the
w

cathode in time t and V Rc represents the reduction in Rc of the ion cloud at time t because of the arrival of the

VN ions at the cathode. The modified expression of Q; when added to the expression of Q. , given by Eq. (7),
one arrives at the following equation in place of the Eq. (8):

X VE VE
E=E[1-22|+E VRC+—RC——VRCJM (14)

w E E w

W— X dE dE
The expression of VE may be given by VE :M — | , where | — | represents the specific
1000cos @\ dx /¢ dx Je
—X
energy loss at incident energy E. For VR, one may reasonably expect that VR, < —— ' Hereit may be
1000cos @

0.7(w—x
reasonable to approximate that VR, :M
1000cos &

substituting the expressions of VEand VR, it is found that modified expression of E, is practically

because it has been assumed thatR, =0.7R . On

. . cosd . -
independent of the angle of incidence. Because VEVR, ——, the only term that depends on @, is negligibly
w

small in comparison with other terms. The variation of 6 in the range from 0° to 45° causes E; (which is not less
than 1MeV) to vary in a very short range of span a few tens of eV only.
From Eq. (15) one finds that the error caused by the motion of ions is given by

Eerr(ion) :i 07+&[d—EJ —M(d_E) (15)
1000 E \dx )z 1000Ecosé\ dx /¢

Eerrion) 1S t0 be subtracted from the value of E (yielded by Eq. (8), the working relation) to take the effect of ion
movement into consideration. Fig. 4 gives the estimated percentage error versus E plots for all the different
types of heavy ions that appear in Tables 2. The variation of the percentage error with E is confined to a very
small range of span less than 0.1%. So, it is obvious that Eeron) Versus E plot for each type of heavy ions will be
linear, which implies that Eerony is almost directly proportional to E. In a real experiment it may be possible to

estimate the values VR, with help of E versus R; plots and SRIM calculations. The values of VE can be

estimated with the help of SRIM calculations only.

Because of the movement of ions, the ratio E;/ Ey; (i.e., r) will increase by an order 10*. Such a small
change will not prevent the values of r to remain confined to the ranges r = S o, estimated in  Table 1. So the
effect of the movement of ions on the values of r may be taken to be nil.
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Fig. 4 Error, in the measurement of energy caused by the movement of positive ions, is plotted against the energy
of the incident heavy ion. The values of Eeony are calculated choosing w=400 mm, x3,=0.7w and R=0.7R.

5.4 Error in the estimated E caused by the diffusion of electrons

In deriving Eq. (8) it is assumed that the diffusion of electrons and positive ions is negligibly small. But
in reality the effect of longitudinal electron diffusion cannot be neglected though it is very much small. In an
ionization chamber, over a period of few microseconds that is typically required for the electrons to reach the
anode, the diffusion of electrons in either direction (i.e., longitudinal or transverse to the electric field) might be
of the order of one millimeter or less [9].

Since the created electrons are distributed symmetrically around the track of ionization, the transverse
diffusion will cause an extremely thin symmetrical expansion of the electron cloud around the track of
ionization. Since the expansion is symmetrical and transverse to the electric field, the magnitude of R, of the
electron cloud is not supposed to change. In addition to this, since it is a matter of transverse diffusion, the
possibility of any additional longitudinal motion does not arise. So, it is expected that the transverse diffusion
will not change the value of x3;. But, owing to longitudinal diffusion the electron cloud as whole will get a
minute motion, in the direction opposite to the electric field, in addition to the drift motion. This additional
minute motion causes X to be replaced by x;; — &;, where &, stands for the addition displacement of the electron
cloud towards the collecting electrode at time t. Then the modified form of Eq. (8), taking the longitudinal
diffusion of electrons into consideration, is given by

E = E(l—ﬁ)+§ E (16)
w w

If one millimeter be the length of longitudinal diffusion experienced by electrons in traversing the distance w,

the length of diffusion corresponding to the distance w — Xy will be given by &; = (W— Xy)/w mm. Since

X1=0.7w, one gets &; =0.3mm. From Eq. (17) it is found that the error in the value of E, yielded by Eqg. (8),

caused by the longitudinal diffusion of electrons is only 0.25% of E and does not depend on the type of heavy

ions. It may also be shown that the values of r are not affected by the longitudinal diffusion of electrons.

VI. Discussion
The effects of electron diffusion and ion motion do not effectively interfere in the proportionality
between E; and E, which may be transparent if Eqs. (16) and (17) are combined and written in the following
form:

E .
E = E( —ij{l—ﬁj(MjHiE
w w E w

Here (Eerriion) /E) is the only factor that varies with E. But the variation as shown in Fig. 4 is confined
to a very small range of span less than 0.001. So this factor also may be taken to be invariant. Thus E; remains
almost proportional to E. This proportionality does not depend on the angle of incidence and the type of the
heavy ion; hence it gives a scope to use a simple PMPPGIC, without Frisch grid, for estimating the energy of
heavy ions.

In an ionization chamber which is operated at a pressure less than one atmosphere and under a suitable
electric field [10], normally encountered in pulse mode gas ionization chambers, the probability of
recombination between electrons and positive ions is extremely small and the electron drift velocity is negligibly
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influenced by the positive ions. Because of the low recombination probability the effect of pulse height defect,
caused by recombination, is not expected to be much significant. Hence it may be expected that this
proportionality is applicable to a wide range of Z-values.

Eg. (11) can’t be used for Z-identification of heavy ions unless the ionization tracks remain almost
straight. So, this method of identification may not work in light ions (Z=1, 2) or very light heavy ions because of
the large probability of range scattering. A study of the ion trajectories (in P-10 gas at pressure 600 torr),
constructed with the help of SRIM 2008 calculations, yields that the possibility of range scattering tends to be
insignificant from Z=7 onwards.

Eg. (11) remains valid irrespective of whether the heavy ion shows any deviation from its straight

track. Because R, gives the centroid of all the ions or electrons generated by the ionizing heavy ion. But, this

equation cannot be used for the identification of the heavy ion if the track of ionization does not remain almost
straight. Since in the case of heavy ions almost all of the tracks are supposed to be straight (unlike the light

ions), the angle of incidence has been taken to be the same as the angle that R_ makes with the x-axis.

At a given initial energy the pattern of the distribution of the generated ion-electron pairs along the
track of ionization depends on the identity of the heavy ion. The position of the centroid of the electrons or ions
generated along the track of ionization depends obviously on the distribution pattern. The Bragg peak region,
which is a part of the ionization track, contributes largely towards forming the pattern of the distribution. So the
Bragg peak region of the track contributes towards setting the position of the centroid.

The Bragg peak occurs immediately before the moment at which the ion comes to rest. Because of very
low speed at the Bragg peak region it may be possible that the heavy ion gets deviated from its straight track just
at the end of its path. Also, because of very low speed the length of the deviated portion of the ion track is
supposed to be very much small compared to the rest straight portion of the ion track. The heavy ion trajectories
plotted using SRIM calculations depict the smallness in length of the deviated portion, if occurs. And this
smallness causes the position of the centroid of the ions or electrons, generated along the deviated portion only,
to remain very much closed to the straight portion of track. As a result the position of the centroid of all the
electrons or ions generated along the whole ionization track either remains almost unchanged relative to - or
experiences an extremely small shift from - the centroid of an identical ionization track that has experienced no
deviation at the end. So the values of the projected R, are expected to be confined to the spans estimated in
Fig. 3.

VII.  Conclusion
We shall not compare this technique of ‘Z-identification of heavy ions’ proposed in this theoretical
work with alternative concepts. Instead, we may say that it is a low cost and simple technique and may be
applicable to a wide range of Z-values, expectedly from Z=7 onwards.
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