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NEW EMPIRICAL RELATIONS FOR STOPPING POWER
AND RANGE OF CHARGED PARTICLES

A. K. CHAUBEY and H. V. GUPTA (*)

Department of Physics, Aligarh Muslim University, Aligarh 202001, India

Résumé. 2014 Nous avons établi quelques relations empiriques donnant le pouvoir d’arrêt des
protons et des particules 03B1 dans un domaine d’énergie allant de 0,7 à 12 MeV/uma. Les relations
parcours-énergie ont été obtenues par intégration directe des formules du pouvoir d’arrêt. Ces
relations ont été appliquées à la détermination du parcours et du pouvoir d’arrêt dans les détecteurs
à semiconducteurs. Certaines autres applications de ces formules seront également discutées.

Abstract. 2014 We have introduced some new empirical relations for stopping powers of protons
and alpha particles in the energy range 0.7 to 12 MeV/amu. The range formulas were obtained
by directly integrating the stopping power formulas of protons and alpha particles. These relations
have been also used to find out stopping powers and ranges in semiconductor detectors. Practical
applications of the empirical relations are also discussed.
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1. Introduction. - A precise knowledge of the

stopping power and range - energy relationship for
heavy charged particles in various media is of

considerable interest both from the practical as

well as theoretical point of view. Many experimental
as well as theoretical studies have been made with the

object of establishing standard range energy relations.
The subject has been reviewed in last two decades by
several authors such as Taylor [1 ], Bethe and Askin [2],
Allision and Warshaw [3], Uehling [4] and by Barkas
and Berger [5]. Most of the experimental data has
been compiled by Whaling [6] and Bichsel [7] in the
form of tables. There have been several discussions
and compilations on the energy - loss and range of
heavy charged particles. Most of the work [8-28]
either depends on the use of fairly complicated semi-
empirical formulas derived from the Bethe-Bloch

expression of stopping power or on entirely empirical
formulas extracted from the experimental information.
The old empirical formulas are in great error due. to
lack of correct experimental information at that time.
Moreover some relations are valid only for specific
values of Z and in a small energy region. In this paper,
we also present empirical formulas for stopping power
and range of charged particles.

2. Empirical relation for stopping power. - We

have arrived at the following empirical relation for the
stopping power of protons ;

(*) Present address : Meteorological Ofbce, Govt. of India,
Bombay Airport, Bombay, India.

The appropriate values of the constants a, b, c, and d
are a = 915.0, b = 0.85, c = 0.145, d = 0.635.
Here p, A and Z denote the density, atomic weight

and atomic number of the stopping material while E
is the kinetic energy of the particle in MeV/amu. The
eq. (1) is found to be valid in the energy region 0.7 to
12 MeV/amu. The stopping power is in MeV cm2 jgm.
The constants c and d are found to be independent of
particle type and were obtained by fitting Northcliffe
and Schilling [28] (hereafter referred to as NS) stopp-
ing power values by the least squares method while the
constants a and b were extracted using the experimental
data of Whaling [6] and Anderson et al. [29] and also
NS data towards lower energies.
The stopping power for the ions heavier than

protons can be found by the expressions given by
Pierce and Blann [25] 1

where

Here we are concerned with thé energy 0.7 MeV
and above, therefore, for protons we hàve tàken

1’0 = 1. Substituting eq. (1) in eq. (2) we get,

In eq. (3) the fractional effective charge y of the ion
of energy E (MeV/amu) can be estimated from Booth
and Grant’s [30] empirical formula. The formula is
given by y2 = f(Ez-4/3) ; where, ,
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For the calculation of the stopping power of alpha
particles from eq. (3), we assume that above 4 MeV the
fractional effective charge of the alpha particles is

Y’ = 1. Below 4 MeV i.e. from 0.7 to 1.0 MeV/amu,
we have fitted the NS data for alpha particles by the
least squares method keeping c and d constant and got
a = 3 574, b = 0.84, therefore between 0.7 to 1.0 MeV/
amu for alpha particles, eq. (1) is modified as

Above 1 MeV/amu we can use eq. (3) by simply
putting z = 2 and y = 1.

3. Range-Energy relations. - The range of a

charged particle is computed by numerical integration
of the stopping power. The range R in the continuous
slowing down approximation (csda) is given as

where R(Em;n) is the measured range at energy Em;n
which is added to the integral equation (6) and treated
as a constant for a particular particle and material.
For the calculation of ranges for protons we have

taken Ej. as 1 MeV as much data is available at 1 MeV.
Substituting eq. (1) into eq. (6) and converting energy
units from MeV to MeV/amu we get,

Here mp is the mass of the proton.
After integration and putting in the values of the

constants we get,

The R,(El) is the experimental range of the proton at
energy El which slightly differs from the calculated
range at the same energy Ei. Therefore, the second
term in the second bracket of eq. (8) can be combined
with R1(Ei) and we may define a correction term Fp
to the range in a specific medium as,

where

Therefore, eq. (8) reduces to

This equation gives the ranges of protons in gm/cm’ in
solid medium in the energy region 0.7 to 12.0 MeV/amu.
The range of other heavier particles of energy

E; (MeV) graeter thane where = 0.04 z2/3i can be
calculated from the proton ranges ; i.e.

where the subscript i refers to ion and p refers to

proton. Ei is the energy corresponding to

Pi = 0.04 Z2/3 . Again the problem arises for getting
Ri(Eci, z;, mi), i.e. the range of the ion below EiEci.
This can either be computed by numerical integration
of the theoretical expression in conjunction with
shell corrections or be measured experimentally.
The range of alpha particle between 0.7 MeV to

1 MeV/amu can be calculated from integration of eq. (5)
similarly as in the case of protons provided that the
stopping power of alpha particles is known below

0.7 MeV jamu. We obtain

or

where

Here Ga is equal to the factor inside the first bracket of
eq. (13) and Fa is the correction term obtained from
eq. (13). R2(E2) must be the known range of alpha
particles at 0.7 MeV/amu (or 0.75 MeV/amu). At
the cost of a little accuracy eq. (14) may be used
directly for calculating particle ranges between

0.7 MeV/amu to 12 MeV/amu, otherwise above 4 MeV
the ranges can be obtained using eq. (11) and (12).
Now putting eq. (11) into eq. (12) we get,

letting

we get
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Therefore, if we know R2(E2) at 4 MeV eq. (17) can
be used to obtain ranges of alpha particles up to
48 MeV. Thus ranges from 3 to 48 MeV can be cal-

culated for alpha particles from our relations. (In
fact one can stretch the empirical formula from 2.5 to
50 MeV without much error.)

4. Stopping power and range for compound targets. -
The stopping power of a compound medium can be
obtained by the additivity theorem

We have made use of eq. (18) to calculate the energy
loss in CdTe, GaAs and AgBr. Here M is the molecular
weight of the compound medium containing Ni
atoms of atomic weight Ai. For example for CdTe
the stopping power can be given as

Barkas [31 ], while studying energy losses in nuclear
research emulsions, gave the following formula for the
range in n-component materials

where Ri is the calculated range in the i-th component
and f is the fraction by weight of that constituent of
the stopping medium. This formula has also been

used by Barkas and Berger [5] while presenting the
table for stopping power of protons in several

compound materials. Eq. (20) has been found to be
very accurate although not rigorously derivable.

Eq. (20) can be written for CdTe as

5. Results. - Using the empirical relations given
above, we have calculated stopping powers and ranges
from 0.7 to 12 MeV/amu for Al, Cu, Ge, Zr, Ag, Eu,
Au and for compounds CdTe and GaAs. In these
calculations values of starting ranges were taken from
the literature and these are tabulated in table 1 with

their references. Figures 1 to 5 displav the stopping
powers versus energy and figures 6 to 10 show the

ranges versus energy in Al, Cu, Ge, Ag, Au, GaAs

FiG. 1. - Empirical values for stopping power of protons versus
energy in AI, Cu and Ge along with other authors results.

TABLE 1
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Fm. 2. - Empirical values for stopping power of protons versus
energy in Ag, AgBr and Au along with other workers results.

Fm. 3. - Empirical values for stopping power of alpha particles
versus energy in Al and Cu along with other authors values.

FIG. 4. - Empirical values for stopping power of alpha particles
versus energy in Ge, Ag and Au along with other workers values.

FIG. 5. - Empirical values for stopping power of protons and
alpha particles versus energy in GaAs and CdTe along with our

earlier results [33, 34].
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FiG. 6. - Empirical values for proton ranges versus energy in
AI, Cu and AgBr along with other authors results.

FIG. 7. - Empirical results for proton ranges versus energy in
Ge, Ag and Au along with other workers values.

and CdTe of protons and alpha particles. To check the
validity of the present relations for compound mate-
rials we calculated stopping power and range of pro-
tons in AgBr and compared with Barkas and Berger [5]
values. The results are shown in figures 2 and 6. We
have not presented stopping power and range values
of alpha particles in AgBr because Barkas and Berger
paper does not contain results of alpha particles, the-
refore comparision was not possible. In table II we
have given the values of constants Gp and Ga and also
correction terms Ep, Fa. and F...

0 2 4 6 8 10 12

ENERGY (MeV/AMU)

Mo. 8. - Empirical results for alpha particle ranges versus
energy in Al, Cu and Ge along with other workers results.

Fie. 9. - Empirical results for proton and alpha particle versus
energy in GaAs and CdTe.

The values of stopping powers and ranges for deu-
teron or triton can be obtained from the tabulated
values for protons by simply knowing the correspond-
ing energy E (MeV) and multiplying by the mass
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FIG. 10. - Empirical results for alpha particle ranges versus
energy in Ag and Au along with other workers results.

TABLE II

ratio m’/mp ~ A’/Ap, where mp is the mass of proton
and m’ is the mass of deuteron or triton. A’ and Ap
pertain to the mass number of deuteron or triton and
proton respectively. Similarly ranges and stopping
powers of alpha particles (He4) can be converted
into the ranges and stopping powers of He3.

6. Comparision with other existing results. -
6.1 PROTON STOPPING POWER. - The percentage
difference (D) between the stopping power calculated
from eq. (1) and the corresponding values obtained
from NS tables are shown in figure 11 for Al, Ge, Zr,
Ag, Eu and Au. It is evident from the figure that the
empirical values for Al, Zr and Ag are in good agree-
ment with NS values within an accuracy of 5 %
from 0.7 to 12 MeV. The empirical values for Ge
from 1.5 to 7 MeV lie below the NS values by a
maximum difference of 6.5 %. The Barkas and Ber-
ger [5] proton stopping powers for I = 340 eV, which
is nearly equal to Ge ionization potential (I = 343 eV),

FIG. 11. - Percentage difference (D) between NS and our

empirical values of the stopping powers versus energy of protons
for Al, Ge, Zr, Ag, Eu and Au.

are also lower than NS values and the maximum .diffe-
rence is 7 % at 6 MeV. But our values for Ge agrée
with that of Barkas and Berger, the maximum devia-
tion occuring between 2 to 4 MeV. In this region the
deviation is 5 %. Above it reduces to 2 %. For Eu
and Au our values are higher than NS values and do
not agree well on the ends of the curve (Fig. 11).
From the curves shown in these figures, one also

infers that the percentage difference shows a systematic
behaviour with energy as well as with atomic number.
It can be noticed from figures 1 and 2 that our results
for proton stopping power for Al, Cu and Ag are also
in excellent agreement with Bichsel [7], Anderson et
al. [29] and Barkas and Berger [5] from 0.7 to 12 MeV.
But for Au in general the agreement below 2.5 MeV is
rather poor and above this value the agreement is
within 6 %. The comparision between our results

and results of Green et al. [32] for germanium is

within 3 % from 0.7 MeV to 1.0 MeV. Our empirical
values of stopping power of AgBr are in good
agreement with those of Barkas and Berger [5]. The
present results for stopping power of proton in CdTe
and GaAs as shown in figure 5 are within 5 % to our

earlier theoretical results [33], [34] :

We have also shown in the figures 1, 2 and 3 the

stopping powers calculated from Zaidins [27] empiri-
cal formula. It can be easily seen from the curves that
our empirical values are closer to both experimental
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and theoretical results than the values calculated by
Zaidins.

6.2 ALPHA PARTICLE STOPPING POWER. - In

figure 12 we have shown the percentage difference

FIG. 12. - Percentage differences (D) between NS values and
our empirical values of the stopping powers versus energy of

alpha particles for Al, Ge, Zr, Ag, Eu and Au.

(D) between the empirical values calculated using
eq. (5) and those obtained from NS tables. It can be
inferred from these figures that NS values for Al, Zr
and Ag seem to be in good agreement, i.e. within
5.5 %, with our results. However, in the case of

germanium from 1.25 to 7 MeV/amu the errors are
between 5 to 9 %. For Eu and Au, the D is very large
below 1.5 MeV/amu and above is the agreement is
within 10 %. Below 4 MeV empirical values are

systematically higher than the NS values by about
5.5 %. In the energy range 3 to 15 MeV Ward et al. [35]
have shown that their experimental values are larger
than NS values by 5 % below 4 MeV. On the contrary
above 4 MeV the order is reversed. Our empirical values
also compare similarly to the NS results. It can be

seen in figures 3 and 4 that the Rosenblum values [36]
are in excellent agreement with out values for Cu
and Ag while for Au our values are higher than
Rosenblum’s. Gobeli’s [18] aluminium values between
3 and 4 MeV agree well with our empirical values. In
the case of Ag, the values of Ward et al., Rosenblum,
Zaidins and our results are in good agreement. The
present results for stopping power of alpha particles in
GaAs and CdTe as shown in figure 5 are within 5 %
to our earlier results [33, 34].

6. 3 PROTON RANGES. - The proton ranges calcu-
lated from eq. (14) are plotted against energy in
figures 6, 7, and 9. For Al, the ranges calculated by us
are very close to the ranges given by NS and Whaling.
Since NS have not tabulated data for Cu, we have
compared the values with those of Bichsel and whal-
ing. Bichsel’s Cu values are higher by 1 to 3 % than
Whaling’s. Our empirical results also coincide well
with Bichsel and NS data. Comparision of proton
ranges in germanium with NS reveals that the maxi-
mum disagreement in the middle of the present energy
range is about 6 %, where empirical results are higher
than NS values. For Ge, we could not get other sui-
table experimental data for critical comparision.
But the Barkas and Berger proton ranges are higher
than NS values. When we compared our empirical
values to Barkas and Berger we found that the worst
error is 4 % only. The AgBr empirical values more or
less coincide with the Barkas and Berger values.

But our Au results are higher than the other existing
results as shown in figure 7. We can conclude that the
values presented in figure 9 for GaAs and CdTe for
proton ranges are expected to be good enough for
experimental purposes.

6.4 ALPHA PARTICLE RANGES. - The range of

alpha particles calculated from eq. (17) and (20) are
presented in figures 8, 9 and 10 with the NS and

Whaling results. It can be inferred that the results for
Al, Cu and Ag are in good agreement to the NS as
well as with the Whaling data. The agreement is 3 %.
For Ge again in the middle energy range the maximum
deviation is seen with NS values and its order is

about 6 %. In the case of gold the present values are
lower than the Whaling and NS results as expected.
In fact Whaling’s values are systematically lower than
NS values. Up to about 4 MeV/amu empirical results
agree within 5 % with Whaling’s values and above

it the error increases. The alpha particle ranges shown
in figure 9 for GaAs and CdTe could not be

compared as other results are not available.

7. Practical applications of empirical relations. -
Easy empirical formulas are very helpful in the study of
energy straggling, target foil thickness estimation and
in particle identification studies. The important aspect
of a such problem is to know the energy loss incurred
by the charged particle during the course of their
passage in the absorber. The energy loss in any
absorber of uniform thickness can be calculated by

where R(E) is the range at initial energy E and R(ER)
corresponds to the range at residual energy ER after
it has passed thickness T. Generally, ER is obtained by
interpolation from the tables. The table should show
the regular spacing for interpolation purposes.
The remaining energy ER can be calculated using

relations ((11), (14) and (17)) as follows. Let us first
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calculate the proton energy loss in thickness T (mg/
cm2). Substituting eq. (11) into eq. (22), we get (let
mp=1)

We take Fp as a correction term and hence it cancels
out. Therefore,

Taking the logarithm of both sides we get,

It is very easy to handle eq. (24) to calculate the resi-
dual energy. Similar equations can be written for alpha
particles from eq. (14) and (17). The factor

(1.85 - 0.145 log Z) = Kzp is a constant for a parti-
cular medium for atomic number Z. eq. (24) reduces to

The energy loss is equal to (E - ER). Provided

we accept a little error, we can write for alpha particles
the residual energy using eq. (14) as,

where

The units of E used in the above expressions are MeV/
amu.

In many nuclear physics problems, one requires the

accurate measurement of target thickness. A fairly
accurate determination of absorber thickness is done by
exposing them to a spectrum of alpha particles with
ranges of the order of absorber thickness. The measur-

ed energy loss in conjunction with known stopping
power data at that energy is used to determine the

thickness. With the help of multichannel analyser and
detector one can measure the residual energy and then
thickness of the absorber can be calculated from

eq. (26). Sykes and Harris [37] during the study of
energy straggling of alpha particles in thick absorbers
have used the same technique to obtain aluminium
absorber thickness. In figure 13 we have shown resi-

FiG. 13. - Residual energy of alpha particles as a function of AI
absorber thickness, comparision of our results with Sykes and

Harris is also shown.

dual energy calculated from eq. (26) as a function of
aluminium absorber thickness. They are also compared
with Sykes and Harris [37] results. We found that

up to 1.4 mg/cm2 both the thickness more or less
coincide and above it our values are a little higher than
their values.
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