
In situ observation of reversible deformation of Al foils during irradiation with MeV-energy ions
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Ion-irradiation-induced reversible deformation of Al foils has been studied using various MeV energy
projectile ions of H+, C2+, C3+, O2+, O3+, Si3+, and Si4+. To find the source causing this foil-deformation, we
performed systematic investigations from various aspects. It was found that the electronic energy deposition is
the dominant driving force of deformation, and the deformation occurs at temperatures much below the
recrystallization temperature of 200°C. Experimental results were analyzed in terms of conventional thermal
models. It is concluded that the reversible deformation may be due to dynamical changes of thermophysical
properties of materials during ion irradiation.
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I. INTRODUCTION

In the past few years energetic fast ions have been exten-
sively utilized as indispensable powerful tools in a wide
range of nanotechnology-based materials science covering
element analysis, fine processing and structural modification
of materials.1,2 On the other hand, ion-irradiation causes vari-
ous radiation damages to target materials such as sputtering,
defect formation, and plastic deformation. Up to the present
considerable efforts have been devoted to understanding of
fundamental mechanisms relevant to irradiation effects in a
variety of solid materials involving metals, semiconductors
and insulators.3,4 In most experimental studies, structure and
physical properties of materials before and after ion irradia-
tion are measured and examined within a framework of pro-
jectile energy loss consideration. This is because the energy
loss of projectile ions is a leading key-parameter character-
izing radiation effects. It is generally accepted that the en-
ergy deposition into a target, via nuclear(recoiling of atoms)
and electronic(excitation and ionization) processes, trans-
forms eventually to lattice vibration(heat) and radiation ef-
fects are induced during this energy-transforming process.
Thus, actual situations relevant to energy transfer and its
relaxation are complicated dynamical processes both in time
and space. It is, therefore, worth performingin situ, or real-
time, observation of materials properties to achieve more
complete understanding of radiation effects.

Recently we found a new radiation phenomenon for me-
tallic Al foils, exhibiting a large bell-shaped deformation dur-
ing irradiation of 8 MeV Si4+ ions.5 The deformation is lo-
calized within a beam spot area and is reversible just like a
metal spring under beam-on and beam-off conditions. In ad-
dition, deformation occurs also in the opposite direction to
the incident beam. It implies evidently that the driving force
of deformation is not a beam force(momentum transfer) ex-
erted on a target foil. Actually, the beam force is found to be
negligibly small and does not play a role as shown in our
previous experiments using a torsion balance method.6,7

The purpose of this work is to elucidate the nature of the
deformation and to specify the driving force responsible for

the deformation. We used three different types of Al foils and
various projectile ions from H to Si of MeV energies. Foil
temperatures under ion irradiation were measured as a func-
tion of the incident beam flux. Microstructure of foils before
and after irradiation was also investigated with a transmis-
sion electron microscope. Furthermore, a time-response
spectrum of the deformation was measured using a pulsed
ion beams, allowing us to obtain rising- and falling-times of
the deformation. Present results are examined in terms of the
ion-induced thermal energy relaxation model.

II. EXPERIMENTAL

The irradiation experiment was performed with a 1.7 MV
Pelletron accelerator at Nara Women’s University. The appa-
ratus and experimental procedures were essentially the same
as those described in Ref. 5. Three types of polycrystalline
Al foils of 2 mm in thickness were used;(type A) an evapo-
rated foil of 99.99% purity(Lebow Co., Ltd., US), (type B)
a rolled foil of 99.99% purity(Rikazai Co., Ltd., Japan), and
(type C) a rolled foil of 99.7% purity(New Met Koch Co.,
Ltd., UK). Figure 1 shows a foil-holder in which a foil was
sandwiched by two stainless steel plates with a hole of 9 mm
in diameter. Any wrinkles or flexures in a foil were removed
by carefully pressing a stainless steel guide pipe over the foil
surface. An inside open-diameter of the pipe, or the diameter
of freestanding area of the foil, was 7 mm. The holder was
fixed to a target frame. The projectile ions used were
1 MeV H+, 2 MeV C2+, 6 MeV C3+, 3 MeV O2+,
4 MeV O3+, 6 MeV O3+, 3 MeV Si3+, 4 MeV Si3+,
6 MeV Si4+, and 8 MeV Si4+. Care was taken to achieve a
uniform beam-intensity distribution. A well-collimated ion-
beam of 3 mm in diameter was directed perpendicular to the
foil surface at a beam flux ranging from 1010 to
1012 ions/scm2 sd with a fluctuation less than 10%. The tar-
get foil was irradiated at room temperatures28°Cd in
vacuum below 10−5 Pa.

Listed in Table I are irradiation conditions of projectile
ions and their energy deposition estimated from the TRIM
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code.8 Projected ranges of all projectile ions are longer than
the foil thickness, so that they penetrate completely through
the target foil. At the present incident energies, about 95% of
the calculated total energy deposition is due to electronic
energy loss for all projectiles.

In situ measurements of foil deformation during ion-
irradiation were achieved with a laser displacement meter
(LDM, model LE-4000 of Keyence, Inc., Japan). The LDM
allows us to determine the position of an object with an
accuracy of 0.1mm and with a time resolution from 0.5 ms
to 1 s. An overall accuracy of the position measurement was
about a fewmm, arising mainly from mechanical vibration of
the experimental chamber. The amount of foil deformation
was determined by the difference of positions of the same
spot measured for beam-on and beam-off conditions. The
LDM was mounted on anX-Y scanning stage driven by a
computer-controlled pulse motor. A three-dimensional profile
of deformation was obtained by scanning a probe laser beam
from the LDM over the backside of the foil. Overall experi-
mental errors through position measurements, including an
error due to a fluctuation of beam flux, were about
±10% –20%.

Time-response behavior of the reversible deformation was
measured using a pulsed ion beam obtained by chopping
mechanically an incident dc-beam with a double-slit on a
rotating drum controlled by a pulse motor. The time-response
spectra were obtained by setting the probe laser beam at a
peak position of the deformation. The data was taken at
0.5 ms intervals.

Foil temperatures during irradiation were measured with
an alumel-chromel thermocouple of 0.1 mm in diameter,
which was set in contact with the foil surface. To avoid the
thermocouple from beam hitting, measurements were made
slightly outside the beam spot boundary.

X-ray diffraction analysis was performed before and after
ion irradiation. Also, TEM (transmission electron micros-

copy) observations were carried out to examine microscopic
structure of foils for virgin and irradiated areas. The obser-
vations were made using a Hitachi H-3000 ultrahigh voltage
TEM (UHVEM) at Osaka University operated at 2 or 3 MV.

III. RESULTS

A. TEM observation

Figure 2 shows a typical example of deformation, ob-
served for the foil-A, caused by irradiation of an 8 MeV Si4+

beam at a flux of 1.5531012 ions/scm2 sd. One can see that
the deformation profile is bell-shaped, the peak height
reaches about 600mm, and the deformation rises sharply at a
beam spot boundary and appears only within the irradiated
area. It is noted that the diameter of the deformed area was
about 4 mm, which is 1 mm wider than the beam spot diam-
eter.

Figure 3 shows TEM micrographs of the foil-A for(a) an
irradiated area,(b) an unirradiated area(outside of the beam
spot), and (c) a boundary area between them, as depicted.
The total fluence of incident ions was about 1014 ions/cm2.
Grain size distributions of these areas, shown in the inset
graphs, are found to reveal no significant difference among
them and have an average grain size of about 250 nm for all
the three areas. This finding suggests that recrystallization
does not occur in the irradiated area, or in other words, the
temperature of the irradiated area is lower than the recrystal-
lization temperature. The recrystallization temperature was
measured by a separate,in situ, TEM experiment, where the
foil was heated up to 300°C by 50°C increments, and was
found to be about 200°C. It implies that the temperature of
the ion-irradiated area is below 200°C. Also, x-ray diffrac-
tion analysis of the target foils before and after irradiation
showed that the lattice constant remained unchanged, indi-
cating that the deformation leaves no strain. TEM micro-
graphs of irradiated areas in the foils of types B and C are
shown in Fig. 4, as well as for the foil-A. The average values
of the grain size of the foils-B and C were about 2800 and
2880 nm, respectively. Their grain size distributions re-
mained unchanged before and after ion irradiation, as well as
for the foil-A.

B. Magnitude of the deformation

We define the magnitude of deformationh as the peak
height of bell-shaped deformation(Fig. 2). Experimental re-

TABLE I. Irradiation parameters.Ee andEn are the electronic and the nuclear energy deposition inAl of
2 mm thickness, respectively.

Ion species H C O Si

EnergysMeVd 1.00 2.00 6.00 3.00 4.00 6.00 3.00 4.00 6.00 8.00

Projected rangea smmd 14.3 2.29 5.40 2.58 3.17 4.29 2.36 2.79 3.54 4.22

Ee
b sMeVd 0.95 1.85 2.54 2.62 3.06 3.45 2.50 3.20 4.30 5.07

En
b skeVd 0.043 28.9 5.02 36.9 22.1 12.4 179 121 72.7 50.6

aData fromSRIM 2000.
bData calculated from theTRIM program.

FIG. 1. A schematic sketch of the sample holder.
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sults of h for three types of foils are shown in Fig. 5 as a
function of the incident beam flux of 8 MeV Si4+ ions. For
all foils, h increases linearly up to a certain value of flux,
then increases nonlinearly and becomes constant at high flux
region. It is seen that the deformation of the foil-A is con-
siderably larger than those of the foils-B and C, while those
of the foils-B and C are nearly the same for each other.

A relationship betweenh and the total energy deposition
per projectile into the foil,Eds=Ee+End, was investigated for
various combinations of projectile species and incident ener-
gies to achieve a wide range ofEds0.1–5 MeVd as listed in
Table I. Here,Ee and En are electronic and nuclear energy
depositions, respectively. For this measurement a constant
beam flux of 2.531011 ions/scm2 sd was used. Results for
the foil-C are depicted in Fig. 6 as a function ofEd, showing
a linear relation as shown by a straight line. Since the pre-
dominant component ofEd is electronic(Table I), it is evi-
dent that the driving force responsible for the deformation is
the electronic energy deposition.

C. Foil temperature during ion irradiation

Foil temperatures measured during ion irradiation are
shown in Fig. 7 as a function of the beam flux. The measure-

FIG. 2. Three-dimensional deformation profile of foil-A under
irradiation of 8 MeV Si4+ at a flux of 1.5531012 ions/scm2 sd. The
positive direction ofz-axis corresponds to the direction of the inci-
dent beam.

FIG. 3. TEM micrographs of foil-A after ion irradiation ob-
tained for the areas shown in an inset. The grain size distributions
are shown by histograms.

FIG. 4. TEM micrographs of foils-A, B, and C.

FIG. 5. Flux dependence of the magnitude of foil-deformation
during irradiation of 8 MeV Si4+ ions. Closed and open symbols
represent forward and backward deformations(see text),
respectively.
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ments were carried out slightly outside a beam spot. The
figure shows that the temperatures are nearly proportional to
the flux with different slopes depending on the target species
and are below the recrystallization temperature of 200°C in
the flux range studied. The second result is consistent with
the results obtained by TEM observations as described be-
forehand.

Using a theoretical model9,10 developed for the estimation
of temperatures of a TEM foil sample under electron irradia-
tion, the temperature rise in a foil under ion irradiation was
calculated. In this model it is assumed that a foil is bound by

a circular conductor of infinite conductivity, like our guide
pipe, held at a fixed temperatureT0 and the beam intensity is
symmetric with respect to the center axis of the conductor.
Also, the rate of heat generation per unit volumeHsrd is
assumed to be independent of the depth of penetration of the
incident beam, and is thus solely a function of the distancer
from the beam axis. These assumptions are suitable for the
present experimental conditions. The temperatureTsrd may
be calculated by solving the heat conduction equation:

1

r

d

dr
Sr

dT

dr
D +

1

l
Hsrd =

2s

ld
sT4 − T0

4d, s1d

where l the thermal conductivity of a foil,s the Stefan’s
constant, andd the thickness of the foil. For metal foils a
contribution from thermal radiation is small, so that the tem-
perature is then given by

Tsrd = T0 +
H0a

2

4l
FEiH− S r

a
D2J − EiH− Sb

a
D2J + lnSb

r
D2G ,

s2d

whereEi is the exponential integral function,a=1.5 mm and
b=3.5 mm are the radii of the incident beam and the free-
standing area of the foil, respectively, andH0 is the heat flux
expressed by

H0 = I ·Ee/d, s3d

with I the beam flux andd the foil thickness. Calculated
results at the position of the thermocouplesr =1.5 mmd are
shown by a solid line in Fig. 7. Here, we tookl
=240 W/sm·Kd.11 The temperatures at the center of the
beam spotsr =0 mmd were calculated to be about 20–30°C
higher than those atr =1.5 mm. One can see that the calcu-
lated values are in fairly good agreement with experimental
results for the foils-B and C, but are substantially smaller
than those of the foil-A. It is noted that the foil-A was made
by evaporation whereas the foils-B and C were made by cold
rolling, so that the density of the foil-A may be different
from other foils. Therefore, the fundamental thermophysical
properties such as the thermal conductivity are possibly dif-
ferent. It is plausible to state that the value ofl of the foil of
type A may be different from that used in the calculation.
Assuming the experimental temperatures of the foil-A to be
expressed also by Eq.(2), l is estimated to be about
130 W/sm·Kd. As a conclusion, the difference in results for
foil temperatures is closely connected with the density of the
foils.

D. Time evolution of the deformation

Time-response spectra of the deformation were measured
using pulsed ion beams. By changing the chopping speed of
the rotating drum, the rising timesTBd of the pulsed beam
intensity was varied in a range from 5 to 150 ms. Typical
examples are shown in Fig. 8 obtained for the foil-A irradi-
ated by 8 MeV Si4+ ions. Here,TB is defined as the time
interval between zero-and the maximum beam intensity as
shown by dotted lines. The foil deformation starts to rise
with a certain rise time and drops down according to the

FIG. 6. Magnitude of deformation of foil-C as a function of the
total energy deposited into the foil per ion at a fixed flux of 2.5
31011 ions/scm2 sd. A straight line is drawn as a visual aid.

FIG. 7. Foil temperatures measured at a beam spot boundary as
a function of the beam flux of 8 MeV Si4+ ions. A line is the cal-
culation from Eq.(2).
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trapezoidal intensity variation of the incident pulsed beam.
The rising parts in the time spectra were found to have

almost the same shape irrespective ofTB whenTB is shorter
than about 60 ms. For longerTBs.60 msd, the rising part
appears to follow a trapezoidal shape equivalent to the beam
intensity [see Fig. 8(f)]. As for the falling part, the profile
was found to be essentially the same for allTB investigated.
To demonstrate these characteristics more clearly, two
exponential-type functions are drawn by solid lines corre-
sponding respectively to the rising part and the falling part.
The time constants used here are 41.6 ms(rising part,) and
19.4 ms(falling part). Time-response spectra were also mea-
sured using different ions of 3 MeV Si3+ ions for the foils-A
and C. Results relevant to the rising- and falling times were
essentially the same as those described above. These experi-
mental findings seem to indicate that the time constant is
independent of the incident beam energy and the type of
foils. Further measurements will be needed to investigate a
time-response spectrum of deformation in more detail. As a
phenomenological conclusion, it can be stated that the time
constant of deformation is of the order of a few tens of ms
and the rising time is about twice as large as the falling time.

IV. DISCUSSION

We examine at first the thermal effects with regard to the
relative length expansion(RLE) D L /L. The RLE may be
estimated easily from available standard data12 once the foil
temperature is known. It is important to point out that the
RLE data in Ref. 12 increases linearly as a function of the
temperature in the range 25–300°C. Using our experimental
temperaturesTexpsId (Fig. 7) and the data in Ref. 12, the RLE
were calculated as a function of the beam fluxI. Results are
shown in Fig. 9 by shaded lines, where upper lines corre-
spond to the center of the beam spot estimated from theoret-
ical temperatures given by Eq.(2).

We also estimated the values of RLE from the peak height
datashd shown in Fig. 5 with assumptions of conical shape
for the deformation and three-dimensional isotropic expan-

sion. The volume of the deformed area during irradiation
may be expressed by

s1 + DL/Ld3 pr0
2d = s1 + DL/Ldpr0dÎr0

2 + h2, s4d

wherer0=2 mm is the cone radius of the deformed area(see
Fig. 2). Estimated values ofD L /L are shown in Fig. 9. Note
that to these estimated values ofD L /L, a value ofD L /L at
room temperatures28°Cd derived from the data in Ref. 12 is
added, since Eq.(4) gives a relative length expansion asso-

FIG. 8. Time evolution of de-
formation of foil-A measured for
8 MeV Si4+ irradiation with six
different rise times of pulsed ion
beam. Dotted lines denote the
beam intensity estimated from the
chopper rotation speed, and solid
lines are the calculated time
profiles.

FIG. 9. Relative length expansionD L /L as a function of the
beam flux. Shaded lines show the theoretical estimations obtained
using the thermal linear expansion data(Ref. 12) and temperatures
shown in Fig. 7. The direction of foil deformation is denoted by
“Forward” and “Backward.”
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ciated with ion irradiation effects(D L /L=0 for h=0, corre-
sponding to no beam flux). Estimated values for the foils-B
and C are in fairly good agreement with those from the stan-
dard data,12 while again for the foil-A, significant discrepan-
cies occur in a higher beam flux region. This discrepancy
may be due to the fact that the foil-A, made by evaporation,
has lower thermal conductivity. Foil-temperature measure-
ments, shown in Fig. 7, indicate that the foil-A may be
heated to relatively higher temperatures than other foils.
Hence, the enhancement of RLE of the foil-A is attributed to
the anomalous beam heating due to poor thermal conductiv-
ity. We expect that such anomalous heating effects result in a
significantly large expansion of lattice constant and the cre-
ation of many vacancies, leading to an additional volume
expansion besides the thermal expansion.

Next, the thermal effects are examined with regard to the
characteristic time response of the deformation. By solving a
time-dependent equation for the heat conduction,13 the time
constant of temperature variation may be obtained as,

t =
pa2drcsT1 − T0d

H0d
, s5d

where,T0 the room temperature,T1 the equilibrium tempera-
ture during ion irradiation,r and c are the density and the
specific heat of the foil, respectively. In the present work, the
actual values ofr and c were not known, so that rough
estimation of t was made. Using standard values ofr
=2.7 g/cm3 andc=2.4 J/sg·Kd for Al materials, the values
of t estimated from the slopes of Fig. 7 are 40, 16, and
21 ms for foils-A, B, and C, respectively.

The estimated results mean that the time constant of ther-
malization is of the order of a few tens of ms and it depends
on the foil species. We find, therefore, that the time constants
of thermalization are the same order as the foil deformation.
If the foil deformation is caused by thermal effects, the time
evolution should follow the time constant of thermalization.
In this case, the time response profile of deformation should
be symmetric because heating and cooling time of a foil is
expected to be the same as given by Eq.(5). However, ob-
served time-response profile of deformation, shown in Fig. 8,
is asymmetric. It should be emphasized that the foil defor-
mation occurs only during ion irradiation. Namely, constitu-

ent atoms of a foil during irradiation-induced deformation
may be in a quasi-steady phase of ionization and excitation
due to ion-solid interactions. Consequently, the amount of
heat flow which affects the thermalization may be different
for irradiation and nonirradiation conditions, giving rise to
different time constants of deformation during irradiation
(rising time) and nonirradiation(falling time). To understand
the foil deformation more accurately, it is necessary to take
account of dynamical thermophysical properties of materials
during ion irradiation.

V. SUMMARY

We have investigated the fundamental nature of reversible
deformation of metallic Al foils during MeV energy ion
beam irradiation. It was found that the electronic energy
deposition is the dominant driving force of the deformation.
The magnitude of deformation was found to depend on the
foil species. A significantly large deformation was observed
for the foil made by evaporation and was found to occur at
foil temperatures below the recrystallization temperature of
200°C. In this case, a large expansion of lattice constant or
creation of many vacancies are expected during foil defor-
mation. In order to understand the mechanism in more detail,
it is necessary to perform further in situ experiments on the
lattice constant and the lattice-vacancy creation during foil
deformation by using various incident beams of ions, elec-
trons and photons(laser).
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