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Geometrical effect on the measurement of stopping power:

Angle-dependent energy loss of 7-Mev protons in Cu foils and computer simulation
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The emergence-angle dependence of energy loss of 7-MeV protons in Cu foils, the

thicknesses of which are 3.743 and 7.576 mg/cm, has been measured with very high angu-

lar resolution. It was found that in both cases the energy loss increases as the emergence an-

gle increases. The amount of the increase of the energy loss depends strongly on the thick-

ness of the sample foils. Computer simulation was performed in order to investigate the ori-

gin of this phenomenon. Individual collision which protons undergo within the target was

found to be restricted by the determination of detection angles. Considering properly the

dependence of energy loss on impact parameter, we have obtained a good reproduction of

the experimental results.

I. INTRODUCTION

In our previous work' it has been found that the
energy loss of 7-MeV protons in metallic and organ-
ic thin foils increases with increasing emergence an-

gle. As the amount of this increase could not be ex-

plained by known effects, the dependence of energy
loss on the emergence angle was concluded to be due
to a hitherto unknown effect. This effect was in-

ferred to be the dependence of energy loss on the im-

pact parameter with an atomic nucleus.
In a single collision betw'een a heavy ion and an

atom, ' inelastic energy loss is known to have a
strong dependence on the distance of closest ap-
proach. Hence it is quite natural to consider that
the energy loss of protons in a single collision with
an atomic nucleus should depend strongly on the
impact parameter and be larger at small impact
parameters owing to the high density of atomic elec-
trons than at large impact parameters. If this is

true, the dependence of energy loss on emergence an-

gle will be explained by the following consideration.
In the multiple scattering process which protons un-

dergo within the target, the small emergence angle is
more probably built up from accidental accumula-
tion of rather small individual scattering angles than
from accidental accumulation of rather large indivi-
dual scattering angles. Also„ the large emergence
angle is more probably built up from accidental ac-
cumulation of large individual scattering angle than
from accidental accumulation of small individual
scattering angles. If the scattering angle with atom-
ic nucleus is sufficiently small, which is the case of
the present investigation, the impact parameter is
roughly proportional to the inverse of the scattering
angle. Hence a small scattering angle means a large

impact parameter and also a small energy loss.

Consequently, a small emergence angle corresponds

to a smaller energy loss than a large emergence an-

gle. This consideration implies that collisions with

an atomic nucleus, which protons undergo within

the target that are sampled in an experiment, may be

influenced by the choice of emergence angle. This
influence will become relatively weak if the number

of collisions increases; in other words, if the target
thickness increases. Consequently, it is important to
study the dependence of the angle-dependent energy

loss on the target thickness in order to understand

this phenomenon well.
In the present work we have measured energy

losses of 7-MeV protons in Cu targets, the

thicknesses of which are 3.743 and 7.576 mg/cm,
as a function of emergence angles. Since no theoret-

ical work that deals with multiple scattering and the
dependence of energy loss on impact parameter at
the same time is available, we have performed com-

puter simulations to investigate the origin of this
phenomenon. The computer simulation is found to
give a good agreement with experimental results.

II. EXPERIMENTAL PROCEDURE

The schematic diagram of the experimental ar-

rangement is shown in Fig. 1. The beam of 7-MeV
protons from the cyclotron of Kyoto University was

collimated by the double diaphragm system of S1
and S2 with diameters of 0.7 mm each and 163 cm
apart. The divergence of the incident beam was less

than 0.05' before hitting the thin target. In order to
prevent the protons scattered by the edges of dia-

phragms S1 and S2 from affecting the energy-loss

measurement, a baffle S3 of 1.5 mm in diameter was
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formed with a very high precision pulse generator
(ORTEC 4481. The measurements of energy losses
and angular distributions due to multiple scattering
were repeated four times for one target at seven em-
ergence angles between 0' and 1.78'. The details of
the experimental method will be described else-
where.
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FIG. 1. Schematic diagram of experimental setup.
The detector system was movable in the horizontal plane
perpendicular to the direction of the incident proton beam
in a range of 5 cm. The diameters of diaphragms S1, S2,
and S4 were 0.7 mm and that of a baffle S3 was 1.5 mm.

placed 15 cm behind the diaphragm S2. The detect-
ing system, which consisted of the diaphragm S4 of
0.7 mm in diameter and a surface barrier silicon
detector, was placed 161 cm behind the target. This
detecting system was movable perpendicular to the
direction of the incident proton beam in a range of 5
cm. The displacement of 5 cm corresponds to the
emergence angle of 1.78'. The detector subtended a
solid angle of 1.5X10 sr as seen from the target.
In this arrangement the energy-loss measurement
was quite free from the edge scattered protons at 1-
cm displacement.

The Cu foils were commercially obtained, and
their thicknesses were determined by measuring area
and weight, yielding 3.743 and 7.576 mg/cm .

The pulses from the detector were amplified with
a low-noise amplifier and fed into a 4096-channel
pulse-height analyzer. Another silicon detector was
used to monitor the angular distribution due to mul-

tiple scattering. In order to monitor the stability of
the detector-amplifier system, not only the pulses of
protons which passed through the sample foil, but
also those of protons which were scattered by a thin
Au foil of 180 pg/cm, were measured simultane-
ously in one exposure. The pulse height of the in-

cident protons was determined from that of scat-
tered protons by the Au foil. The energy loss of 7-
MeV protons in the Au foil was estimated to be 4
keV by using our previous stopping-power data.
The decrease of the energy due to elastic scattering
was negligible. In the case of zero emergence angle
this method could not be used because of the ex-
tremely high counting rate of protons which passed
through the Au foil. When the measurement at zero
emergence angle was made, only protons that passed
through the sample target were detected. In this
case the pulse height of the incident protons was
determined from that of protons scattered by the Au
foil at 0.33' in a separate measurement. The energy
calibration of the pulse-height spectrum was per-

III. PRINCIPLE OF THE CALCULATION

P, =8 cosP,

P» =8 sinP .

(3)

(4)

After n collisions the direction of a proton can be
given as

g P„;= g 8;cosP;, (5)
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FIG. 2. Schematic representation of collisions through
the target for emergence of an angle a.

In this calculation we use a very simple model.
Target atoms are assumed to be spheres of radius R
and treated with a statistical model such as the
Thomas-Fermi model. If protons enter the inside of
these spheres, they are scattered by the target nuclei
and lose a part of their energy due to collisions with
atomic electrons. On the contrary, if protons
traverse the outside of these spheres no scattering
and no energy loss take place.

Let us consider the case of emergence of an angle
a (Fig. 2). As protons experience a number of
small-angle scatterings within the target with atomic
nucleus, it is convenient to use two projected angles
P„and P» instead of using the polar angle 8 and the
azimuth angle P of the track of a scattered proton
(Fig. 3). The relation between the projected angles
and the actual scattering angles is given by

tang„= tan8 cosP,

tang» =tan8 sinP .

Under the small-angle approximation tan8 can be
replaced by 8, and then tang„and tang» can be also
replaced by P„and P», respectively:
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where Zl and Z2 are atomic numbers of the in-

cident proton and the target atom, respectively. A
good analytical approximation of the Thomas-Fermi
screening function is given by Moliere and ex-

pressed as

0 35 (10)

FIG. 3. Illustrating the spatial angles 0 and P and the

projected angles P, and P».

tana cosy= g P„;, ('7)

g ((»; = g 8;sinP; . (6)
i=1 i=1

Since protons are detected after passing through the
target at emergence angles of u and y, where a
denotes the polar angle and y denotes the azimuth
angle, the relation between these angles and the pro-
jected angles is expressed by

px

pit
(12)

where p~~ denotes a proton momentum parallel to its
initial direction, and pz denotes a momentum
transfer perpendicular to the initial direction. Using
Eqs. (9) and (10), we can calculate pz and finally
find the relation between 0 and the impact parame-
ter b. '

The Thomas-Fermi screening radius a TF is given by

a TF ——0.8853aoZ2

where ao is the Bohr radius. Supposing a scattering
angle is sufficiently small, the scattering angle can
be described by

tana siny= g ((»; . (8)
2ZlZ2e b0=

2 g
Ml v lb &TF

(13)

ZlZ2e
V(r)= — u(r), (9)

As seen in Eqs. (5)—(8), to decide on a pair of detec-
tion angles means to introduce a certain boundary
condition to the collisions which protons undergo
within the target. From these relations it is easily
understood that this boundary condition has a
strong effect on the individual collision if the num-
ber of collisions is small, in other words, if the tar-
get is thin.

Next, we consider the relation between scattering
angle and impact parameter. The Coulomb poten-
tial of a nucleus which is partially screened by atom-
ic electrons is described by

r

2'
g(g)= f cosgdg u

0 cosg

u (14)cosg cosg

where Ml and vl are the mass and velocity of in-
cident protons.

Considering the ionization energy loss, Kitagawa
and Ohtsuki have derived an energy-loss formula of
ions by collision with one atom as a function of the
impact parameter b. This formula has been shown
to give the exact Bethe-Bloch formula. In the
present calculation we use their expression

2Z l8
2 4 2' 00

EE(b)= —
2 f dz f dg f x dx q [Ko(qx)+If](qx)]p(r),

mv 1
mitt

where

r =(z +x ~b 2bx cosg)'», —
Iq=

flv l

(15)

(16)

(17)

Functions Eo(qx) and El (qx) are the modified Bessel functions, m is the electron mass, and I is the mean ioni-
zation energy of stopping material. The density of the atomic electrons p(r) is given by the Moliere formula
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Since the target material is assumed to be random
medium, the impact parameter is considered to have
a uniform distribution over all target atoms and
determined by pseudorandom numbers from a com-
puter. Once an impact parameter is determined, we
can calculate the scattering angle and the energy loss
from Eqs. (13)—(18). By following a number of suc-
cessive collisions we can find the relation between
the emergence angle and the energy loss of emitted
protons in the target.

IV. RESULTS AND DISCUSSION

Experimental and calculated results for the energy
loss of the Cu target of 3.743 mg/cm for the in-
cident protons of 7.020 MeV are shown in Fig. 4.
The angular distribution due to multiple scattering
is shown on the upper half. The radius E.„which is
the radius of the target atoms, is used to estimate
the mean free path of protons in the target material
and is treated as a free parameter. The value of

I

8 =2.7aTF was found to give a good fit to the ex-
perimental angular distribution. On the lower half,
the relative values of energy loss are shown as a
function of emergence angles. In the present calcu-
lation we used the value of 323.5 eV (Ref. 10) as the
mean ionization energy of copper. A solid line
shows the results of computation, which gives a fair-
ly good agreement with experimental results.

At this point let us examine the contribution of (i)
the effective increase of the target thickness due to
multiple scattering and (ii) the energy transfer to
recoil atoms caused by the elastic scattering. A
dashed line in Fig. 4 shows a little increase of the
actual path length with increasing emergence angle.
This effect is too small to explain the experimental
results. Under the small-angle approximation the
energy transfer to a recoil atom due to a single col-
lision is described by

M1
Eo8

1.0&
Cu 3.743 mg /cm2
Ep 7.020 MeV

where Mq is the mass of target atoms and Eo is the
kinetic energy of protons. Then the total energy E,
transferred to recoil atoms in multiple scattering
process is given by

0.1—

0.05-

~ 1.03-

~ 1.02—
UJ

1.01—

1.00&~ ———
xl0

0 1 2 3 4

emergence angle {10 red)

FIG. 4. Calculated and measured angular distribution
due to multiple scattering and energy joss as a function of
emergence angle a for 7.020-MeV protons transmitted
through a 3.743-mg/cmt Cu target. Solid circles indicate
the experimental results. A dotted line shows the varia-
tion of energy loss which includes the contribution from
the energy transfer to recoil atoms due to elastic scatter-
ing. A dashed line represents the relative length of the ac-
tual path which protons passed in the target.

where E means the average energy of protons within
the target. Considering the contribution of this ef-
fect in the calculation of energy loss, we obtain
slightly larger energy losses, which are shown by a
dotted line in Fig. 4. At small emergence angles this
dotted line is not shown because this line cannot be
resolved from the solid line. As seen in the figure
the contribution of this effect is also too small to ex-
plain the experimental results. Therefore we can
conclude that the angle-dependent energy loss of
protons is not due to the increase of the actual path
length and the energy transfer to recoil atoms in
multiple scattering process, but due to the depen-
dence of energy loss on the impact parameter in in-
dividual collision with atomic nucleus which pro-
tons undergo within the target.

In Fig. 5 average values of the number of col-
lisions, of the scattering angles, and of the impact
parameters are shown as a function of emergence
angles. Although fluctuations are fairly large, the
number of collisions increases with increasing emer-
gence angle. This fact indicates that a larger angle
emergence needs, on the average, more collisions.
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FIG. 5. Average values of the number of collisions
(N), of the scattering angles (8), and of the impact
parameters ( b ) as a function of emergence angle.

V. CONCLUSION

Energy losses of 7-MeV protons in Cu foils have
been measured with very high angular resolution as
a function of emergence angles. Measured energy
losses show a common trend that the energy loss in-
creases with increasing emergence angle. Computer
simulation has been performed in order to investi-

gate the origin of this phenomenon. Individual col-
lision which protons undergo within the target has
turned out to be restricted by the determination of

As the emergence angle increases, the impact
parameter shows a slight decrease and the scattering
angle shows a definite increase. This effect causes
the dependence of energy loss on the emergence an-

gle.
The result of computation for the Cu target of

7.576 mg/cm, which is about twice as thick as the
former target, is shown in Fig. 6 together with the
experimental results. This calculation is performed
in order to investigate whether the computer simula-
tion is successful or not for the target of different
thickness with the same parameter R. Although the
statistics of the calculation are not so good, the corn-
puter simulation is found to give a good agreement
with the experimental results. In this case it is also
proved that the contribution of the effective increase
of the target thickness due to multiple scattering and
the increase of energy loss due to the energy transfer
to the recoil atoms is too small to explain the experi-
mental results.
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FIG. 6. Calculated and measured angular distribution
due to multiple scattering and energy loss as a function of
emergence angle a for 6.992-MeV protons transmitted
through a 7.576-mg/cm' Cu target. Solid circles indicate
the experimental results. A dotted line shows the varia-
tion of energy loss which includes the contribution from
the energy transfer to recoil atoms due to elastic scatter-
ing. A dashed line represents the relative length of the ac-
tual path which protons passed in the target.

the emergence angle. Hence if energy loss of pro-
tons in a single collision depends on the impact
parameter, this effect will cause the dependence of
energy loss upon the emergence angle. Using the re-
lation between the impact parameter and the scatter-
ing angle of Lindhard et al. and the energy-loss
formula of Kitagawa and Ohtsuki, we can repro-
duce the angular distributions due to multiple
scattering and the relative energy losses using one
parameter R. This fact indicates that the computer
simulation can predict the target-thickness depen-
dence of the effect correctly. The effects of the in-
crease of the actual path length and the energy
transfer to recoil atoms have also proved to be too
small to explain the experimental results. More sys-
tematic study of this phenomenon will bring us
more precise information about individual collision
which protons undergo within the target material.

Finally, we will mention the relation between the
usual stopping-power value and the energy loss rnea-
sured at zero emergence angle. In usual stopping-
power measurement, all particles that pass through
the sample foil are detected. If we measure only
particles that emerge from the foil at zero angle and
deduce the stopping-power value, we will obtain
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smaller stopping-power value than that of usual def-
initio. For example, the deviation is about 1.5% in
the case of the thinner Cu target (3.743 mg/cm ).
This deviation is supposed to be larger for a thinner
target. Therefore if the stopping-power measure-
ment is performed under the condition that it is dif-
ficult to detect all particles that pass through the
sample foil, which is the case when time-of-flight
technique is used, the resultant stopping-power
value will be systematically small. The amount of
deviation will strongly depend on the target thick-
ness. In order to decrease this deviation, the sample
foil should be as thick as possible to the extent that

average energy of particles in the target has good
physical meaning.
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