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Experimental Evidence for No Beam Force Effect on a Foil Deformation by 
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We have investigated, with a high precision laser displacement meter, irradiation-induced foil 
deformation of a metallic aluminum by a heavy ion of MeV-energies. In previous observation, 
unexpected and interesting phenomena, in which the foil was deformed just like a metal spring 
under beam-on and beam-off conditions, were observed. In short, the deformation was reversible. 
A large deformation, which is 800-J.I.m deflection at the center of a 3 mm diameter, was observed 
for a high-purity (99.99%) AI foil of2-Jlm thickness irradiated with 8-MeV Si beams. In order to 
interpret the giant deformation, we carried out further studies on an effect of a beam force exerted 
on a foil. It was found that the effect of the beam force is negligible and is not the main factor 
causing the deformation. 
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1. INTRODUCTION 
Irradiation effect is one of the most important subjects 

in material science. We have studied the interaction 
between an ion beam and a target foil by using a laser 
displacement meter to find phenomena in situ under 
beam irradiation. We have performed experiments of (i) 
direct measurement of a beam force exerted on a target 
foil [1] and (ii) a deformation of a foil caused by ion 
irradiation [2]. In the latter experiment, interesting 
results were obtained. For a metallic AI foil of 2-f.lm 
thickness irradiated with heavy ions at Me V energies, a 
reversible deformation was observed without any plastic 
deformation. Namely, the foil is deformed just like metal 
spring under beam-on and beam-off conditions. 
Furthermore, the deformation is significantly large that it 
is even visible to naked eyes. To our knowledge, few 
studies have been carried out on the reversible 
deformation of metallic foils by ion beam irradiation. 
Hence, a mechanism of the reversible deformation is not 
well understood. 

In this work, we studied effect of a beam force 
exerted on a target foil on the deformation of a 
foil. The beam force was measured by torsion 
balance method, which we have developed [1]. 
Result is compared with that calculated on the 
basis of the model for mechanical deformation. 
Also, we investigated three-dimensional profile 
for deformation of a foil. From the obtained 
results, a main factor causing the deformation is 
discussed. 

2. EXPERIMENT 
2.1 Foil deformation measurements 
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An experimental method is described in our previous 
paper [2]. Briefly, the experiment was performed with a 
1.7 MV Tandem Pelletron accelerator ofNara Women's 
University. Irradiation was done at the room temperature 
in vacuum of below 10-5 Pa. A well-collimated beam of 
3 mm in diameter with a uniform intensity distribution 
was directed perpendicular to a surface of a foil. The 
beam spot size was measured by using a plate on which 
a fluorescent substance of ZnS was painted. An 8-MeV 
Si4+ ion was used as a projectile beam. A target foil was 
an AI of 2-!lm thickness. The foil was clamped between 
two stainless steel plates (sample holder). A diameter of 
self-supported area of the target foil was 7 mm. The 
range of the projectile in AI is 4.22 flm, calculated from 
SRIM [3}, so that the projectile penetrates completely 
through the target foil. 

Deformation of a foil was measured with a high 
precision laser displacement meter (LDM) of Keyence 
Inc., Japan, which has an accuracy ofO.l flm. The LDM 
was set at the atmosphere. A probe laser beam from the 
LDM is incident on backside of a foil through a vacuum 
tight glass window. The LDM was mounted on a 
XY -scanning stage. A three-dimensional deformation 
profile was obtained by scanning the probe laser beam 
over the surface of a foil. The amount of the foil 
deformation was measured from the difference between 
two position signals from the LDM obtained for 
beam-on and beam-off conditions. 

2.2 Measurements of a beam force exerted on a target 
foil 

Measurements were carried out with a torsion 
balance method. The method is schematically depicted 
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Fig.1 Schematic drawing of experimental method for 
measurement of a beam force exerted on a foil. The foil 
mounted on the flame was irradiated with ion beam. The 
influence of the torsional vibration due to the irradiation 
of the probe laser is negligible. 
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Fig. 2 Time spectra of torsional vibration for the target 
flame. An AI foil of 2-tJ.m thickness mounted on a target 
flame was irradiated with an 8 Me V Si4+ beam of 100 
nA. The dX denotes the amount of shift of equilibrium 
position due to irradiation. 

in Fig. 1. A flame of 3 mm thick AI ( 42.5 mm in length, 
40 mm in width) was hung with Au-coated W wire of 
30-tJ.m in diameter in a vacuum chamber. The same AI 
foil used for the deformation experiments was mounted 
on the flame. A torsional vibration of the flame was 
measured using the laser displacement meter. 

A beam force exerted on the foil was measured as 
follows. First, a free torsional vibration of the flame is 
measured, which provides an equilibrium position of the 
vibration. Next, the AI foil mounted on the flame is 
irradiated with a continuous ion beam. The equilibrium 
position, then, changes due to the momentum transfer 
from the ion to the target foil. An example of 
experimental results for change in the equilibrium 
position is shown in Fig. 2. The shift dX of the 
equilibrium position can be seen. The amount of shift 
was about 50-tJ.m for irradiation of 8 Me V Si4+ of 100 
nA. The beam force,_rr, is given by KdXl?, where K is 
the torsional rigidity, r is the length of arm between the 
center of beam spot and the rotation axis of torsion 
pendulum. The value of K is obtained from the measured 
period of torsional vibration for the flame and the 
calculated moment of inertia for the flame, or from the 
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Fig. 3 The amount of shift dX for equilibrium position of 
torsional vibration as a function of beam current. The 
solid line is least-squares fitting applied to the data 
points. 

modulus of rigidity for the W wire used. The K is 
calculated to be about 0.89 g cm2/s2

• The measured r 
was about 1.1 mm. In order to get the value of rp as a 
function of beam current, we measured a shift dX of an 
equilibrium position of the vibration as a function of 
beam current Ih (nA). The result is shown in Fig. 3. The 
value of dX increases linearly with increasing the beam 
current. 

3. RESULTS AND DISCUSSION 
We discuss here an effect of a beam force exerted on a 

foil in the reversible deformation. From the data shown 
in Fig. 3, the rP as a function of beam current Ib (nA) 
becomes to be 

This result is in good agreement with value calculated 
from the momentum transfer of a projectile ion in the 
foil penetration. The calculated beam force,/a1

, is given 
by 

where q is the charge state of the projectile ion, e the 
elementary electric charge, M the mass of the projectile 
ion. E and E' are the incident and the outgoing energies 
of the projectile ion, respectively. TheE' is calculated to 
be about 2.92 Me V, which is obtained from TRIM code 
[3]. 

We estimate the amount of deformation due to the 
beam force exerted on the foil by the formula for 
calculating the mechanical deformation in the following 
case. The force is exerted to the foil of3.5 mm radius (a) 
(which corresponds to the radius of self-supported area 
for the target foil), where the edge of the foil is fixed and 
the radius (b) of the area applied the force is 1.5 mm 
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Fig. 4 Comparison of the amount of deformations 
expected from the effect of beam force (solid line) with 
the experimental data (closed circle) taken in Ref. [2]. 
The data is the result for deformation of an AI foil 
(99.99% purity) of2-!lm thickness. 

(which corresponds to the radius of the beam spot). The 
amount of deformation, H, is given by 

H = pb
4 {!!}:_-tn(E-)-~} (3) 
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where P=jhrb2
, D=YP/{12(1-v2

)}, fis the applied force, 
Y is the Young's modulus for AI in the room 
temperature (7.03 X 1010 N/m2

), and I is the thickness of 
a foil, v the Poisson ratio (0.345). Combining Eq. (1) and 
Eq. (3), we obtain the amount of deformation heal as a 
function of the ion-beam current, where the amount of 
deformation corresponds the peak height of the 
bell-shaped deformation as shown in Fig. 5. The heal is 
given by 

(4) 

Figure 4 shows a comparison of the amount of 
deformations expected from the effect of beam force 
with the experimental data taken in Ref. [2]. The data 
shows a linear dependence in the beam current ranging 
from 1 to 8 nA. In this range, the calculated deformation 
amount is three-orders magnitude smaller than 
experimental values, indicating that effect of the beam 
force is negligible. Therefore, the beam force plays a 
minor role in the deformation. 

There is other experimental result that effect of the 
beam force is not main factor causing the deformation. 
Figure 5 shows results of three-dimensional deformation 
profile for 2-jlm thick AI foil during irradiation of 8 
Me V Si4+ beam. Here, attention is paid in the direction 
of the deformation. In Fig. 5 (a), the foil is deformed in 
the direction of the incident beam (forward deformation). 
On the other hand, in Fig. 5 (b), the deformation appears 
in the opposite direction of the incident beam (backward 

Fig. 5 Forward and backward deformations for AI foil 
(99.7% purity) of2-!lm thickness during irradiation of8 
MeV Si4+ of 160 nA (a) and 140 nA (b). In (a), the 
deformation appears in the same direction to incident 
beam, whereas in (b), in the opposite direction. 

Fig. 6 Photograph of a deformation for 2-!lm thick AI 
foil (99.7% purity) with a slit (two holes of 1.6 mm 
diameter with a 2 mm separation distance) in front of the 
target foil. (See text) 

deformation). The forward and backward deformations 
were observed during the same run of beam-on and 
beam-off irradiations. The result suggests that the 
deformation is not due to the beam force exerted on the 
foil. 

In Fig. 5, it should be noted that the deformed 
area is almost the same as the beam spot size, 
implying that the foil deformation causes by 
directly induced-irradiation processes. In order to 
study the deformed area in more detail, the 
deformation profile of the foil caused by two 
spatially separated beams was measured using a 
slit with two holes in front of the target foil. We 
prepared three kinds of slits with two holes of 1.6 mm 
in diameter with a distance L of 2, 1.5 and 1 mm 
between two boundaries, respectively. Figure 6 shows 
an example of a snap shot photograph of the 
deformation profile measured with the slit of L=2 mm. 
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Two peaks attributable to these holes are clearly 
observed without overlapping. The same result was 
observed for other slits of L==1.5 and 1 mm. A series of 
results indicate that the spread of the deformed area on 
the beam boundary is less than 0.5 mm. Thus, we 
conclude that the deformation appears almost within the 
beam hitting area. It is well known that beam irradiation 
causes effect on heating. If the thermal heating process 
is a main factor causing the deformation, the irradiation 
effect may extend over the whole foil and the deformed 
area shown in Fig. 6 may overlap because Al metal has a 
good thermal conductivity. The result is very important 
in understanding the cause of the deformation, implying 
that thermal heating effect is not significant in the 
deformation of a metallic AI foil. It is necessary that 
further study on effect on irradiation heating in the 
reversible deformation of a metallic AI foil. 

4.SUMMARY 
We investigated experimentally contribution of the 

beam force exerted on the foil on the deformation by a 
torsion balance method. The result provides strong 
evidence that the measured beam force exerted on the 
foil is insufficient to cause the observed deformation. 
Also, the observation of the backward deformation 
indicates that the deformation is not due to the beam 
force. From systematic investigations on the deformed 

area caused by irradiation, the deformation was found to 
occur almost within the beam hitting area. This result 
implies that the heating effect due to irradiation is not 
main factor causing the deformation of metallic Al foil. 
The phenomenon of the present study, to our knowledge, 
has not been reported before. We are planning a further 
study on a deformation of other metallic foils. 
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