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Abstract

Thin self-supporting foils with nanoscale dimensions (thickness: 40–1000 nm) consisting of a mixture of the polymer

Formvar and the luminescent dye POPOP were irradiated with 12C and 32S atomic ions at energies from 2 to 36 MeV

and 10 to 55 MeV, respectively. The relative luminescence yield originating from the impact of these ions was measured

by applying the technique of time-correlated single photon counting. The 32S induced yield increases nearly linearly with

increasing ion energy in the whole energy range studied, whereas a constant value after an increase up to approximately

25 MeV is reached for the 12C induced yield. In the energy range above the Bragg-maximum of the ion energy loss, the

observed yield can be reproduced by the application of a model based on the energy density resulting from the sec-

ondary electrons which are set free in binary collisions with the projectiles. The luminescence yield measured at constant

projectile energy increases linearly with foil thickness if the latter exceeds sufficiently the range of secondary electrons

which are able to leave the sample. For thinner foils, a reduced luminescence yield was observed due to the larger

fraction of secondary electrons which leaves the sample. The result is a smaller energy density along the ion track. The

effect of escaping electrons is also shown to arise in microcrystalline samples, which have typical crystal dimensions in

the nm-range, and leads to a new interpretation of earlier measurements.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The luminescence produced in solid samples by

the impact of MeV-energy ions was recently the

subject of investigations in which both atomic as
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well as cluster ions were applied [1,2]. The samples

were layers of POPOP or CsI with a thickness

which enabled the projectiles to traverse the sam-

ples. The experimental data obtained with atomic

ions could be reproduced by data calculated by

applying a slightly modified version of a model
which was presented in [3]. From this agreement, it

was concluded that the observed luminescence is

only produced in the region of low-energy density

at larger radial distances from the ion track. This

conclusion is still correct in the light of the present
ved.
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investigation but the model needs additional

modifications in order to describe the previous

data correctly (see below). The luminescence data

obtained with cluster ions show that the cluster
constituents are well separated after the passage

through a 1 lm CsI layer (i.e. the constituents

act as independent entities with respect to the lu-

minescence process), but they are still in close

proximity after having traversed a 100 nm thick

POPOP sample.

In this paper, new experimental results are

presented on the luminescence induced by the
impact of atomic MeV-energy ions in samples with

nanoscale dimensions. A sample thickness in the

nm-range enables obviously studies in which the

impinging ions sustain only a small energy loss in

the sample and traverse the sample therefore with

only a slight reduction of their velocity. In addi-

tion, it offers the opportunity to study special

luminescence effects which arise from the possi-
bility that a considerable fraction of the secondary

electrons, originating from the interaction of the

ions with the sample atoms, are able to leave the

sample (see below). The influence of the mor-

phology of samples prepared e.g. by evaporation is

also discussed in this paper leading to a new ap-

proach in the interpretation of previous lumines-

cence data.
2. Experimental

Atomic ion beams of 12C with energies from 2

to 36 MeV and of 32S with energies from 10 to 55

MeV were produced at the Erlangen tandem ac-

celerator and applied for irradiation. The data
were taken with a beam intensity and an ion flu-

ence of typically some 100 s�1 and about 108 cm�2,

respectively. In this range of values, the lumines-

cence yield did not show any dependence on these

quantities. The velocity of nearly all ions used

exceeds three times the Bohr velocity. This means

that the energy loss in matter of these ions can be

described by means of the Bohr–Bethe–Bloch
formalism [4].

The experimental setup for measuring the lu-

minescence emitted under irradiation with atomic

MeV-energy ions was the same as described pre-
viously [1]. The luminescence was produced in a

vacuum recipient in which the ions impinged onto

the sample after passing two 90� magnets. A Si-

detector mounted behind the sample was used to
detect the transmitted ions. The detector signals

were fed into a preamplifier from which both slow

and fast signals were obtained. The latter were sent

to a CFD and then used to start a time-to-digital

converter (CTN/M2, IPN, Orsay, France). An op-

tical fiber was inserted into the recipient to collect

photons emitted from the sample. The front face

of the optical fiber was directed to the center of the
sample at a distance of about 5 mm and under an

angle of about 20� to the surface normal. The

other end of the fiber was mounted at the entrance

window of a photomultiplier tube (Hamamatsu

R269) that was placed outside the recipient. The

photodetector was kept at )20 �C to reduce ther-

mal background. The accessible spectral range of

the setup extends from 300 to 750 nm (corre-
sponding to 1.7–4.1 eV). The luminescence of the

samples results from the POPOP molecular fluo-

rescence which ranges from about 400 to 550 nm

with its maximum at 450 nm as measured also with

other solid POPOP samples [5]. The samples are

nearly transparent with regard to the produced

luminescence. The output signals of the photo-

multiplier resulting from the registration of single
luminescence photons were amplified, formed by a

CFD and then fed into the TDC as stop pulses. By

recording the time interval distribution in a per-

sonal computer via a direct memory interface

(DMI, from IPN), the time profile of the lumi-

nescence was obtained. The relative luminescence

yields were then obtained by determining the

number of photons recorded within the time pro-
file per number of starting primary ions.

The samples were self-supporting thin foils of

a 3:1 (w/w) mixture of Formvar and POPOP

(diameter: about 8 mm). The polymer Formvar

is also known as polyvinyl formal. POPOP is a

laser dye and often used in scintillators due to

its stability and excellent luminescence properties

(chemical name: 1,4-bis[5-phenyl-2-oxazolyl]ben-
zene, the molecular structure is depicted for ex-

ample in Fig. 2 of [6]). They were prepared by

means of a self-developed multi-layer technique,

i.e. single layers (thickness about 40 and 175 nm,
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respectively) were produced in a first step and were

then laid one on top of the other in subsequent

steps for preparing samples of varying thickness.

This technique enables the preparation of homo-
geneous samples with a thickness in the nm-range.

In addition, these samples exhibit rather plane

surfaces which allows a precise determination of

their thickness by energy loss as well as optical

interference measurements.
3. Results and discussion

3.1. Variation of the primary ion energy

In order to determine the dependence of the

luminescence yield on the initial energy of the

primary ions, a 700 nm thick sample consisting of

four POPOP/Formvar layers was irradiated with
12C and 32S ions in the energy range from 2 to 36
MeV and from 10 to 55 MeV, respectively. The

setup was exactly the same for both series of ex-

periments. The energy loss of the primary ions

could be determined parallel to the measurement

of the luminescence yield. The data obtained with
12C ions are presented in Fig. 1. Their energy loss

increases strongly until it reaches a maximum at

about 4 MeV, after this it decreases slowly in the
remaining energy range studied. The energy loss

curve as calculated for 12C ions by the code TRIM

[7] agrees satisfactorily with these measured data

(see Fig. 1). The measured energy loss of 32S ions
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Fig. 1. Measured and calculated energy loss of 12C at various

initial energies in a 700 nm POPOP/Formvar sample. Error bars

are smaller than the data points.
exhibits a similar dependence with a maximum at

about 24 MeV (not presented in Fig. 1). The ob-

served luminescence yields plotted as a function of

the projectile energy does not exhibit a maximum
in contrast to the energy loss data (see Fig. 2). The
32S induced luminescence yield increases nearly

linearly with growing ion energy. The 12C induced

yield reaches a constant value after an increase up

to approximately 25 MeV. Thus, these measure-

ments clearly show that the luminescence yield is

not proportional to the energy deposited in the

sample by these ions. It should be pointed out that
there exists apparently a discrepancy between the

present yield data and those measured earlier [1].

The latter increase with growing ion energy up to a

maximum and decrease at still higher energies. But

samples with a microcrystalline structure were

used in this earlier investigation in contrast to the

present measurements. It will be shown below that

this type of sample is responsible for the decrease
of the luminescence yield at higher energies.

It was attempted to reproduce the measured

yield U within the framework of a model given in

[3]. In this model, it is assumed that U depends on

the density of excited luminescence centers which in

turn is proportional to the energy density � within a

cylindrical volume along the ion track. This energy

density � is assumed to originate from the energy
deposited within the cylindrical volume by sec-

ondary electrons produced as the result of the ion–

matter interaction. The radius of the cylindrical
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Fig. 2. Relative yield of the luminescence induced in a 700 nm

thick POPOP/Formvar sample by 12C and 32S primary ions at

various initial energies. Error bars are smaller than the data

points. The solid and broken lines are links between the data

points to guide the eyes.
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Fig. 3. Relative luminescence yield at various initial velocities

of 12C and 32S primary ions; comparison between calculated

curves and measured data (as presented in Fig. 2); sample:

700 nm POPOP/Formvar foil.
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volume is obviously given by the maximum range

Rm of the secondary electrons perpendicular to the

ion track. With these assumptions, the lumines-

cence yield can be written as follows:

U /
Z Rm

rq

r�ðrÞdr: ð1Þ

The energy density �ðrÞ in Eq. (1) as a function of

the distance r from the ion track is calculated in [3]

from the initial energy and the energy loss of the

secondary electrons along the electron path. It

should be noted that the initial electron energy is
calculated using the impulse approximation which

is valid only if the ion energy exceeds considerably

the energy, at which the Bragg-maximum occurs in

the corresponding energy loss curve. As a result of

this approximation all secondary electrons move

into the radial direction, i.e. perpendicular to the

ion track. The final result for �ðrÞ is

�ðrÞ ¼ e2

4p�0

� �2
NZ2

eff

nmev2r2
1

�
� r
Rm

�dþ1
n

; ð2Þ

N, me, Zeff and v are the electron density of the

sample material, the electron mass, the effective

charge and the velocity of the ions, respectively;

n ¼ 5=3 and d ¼ 0:045hZi with hZi being the av-

erage atomic number of the sample molecules. The

maximum range Rm is calculated as follows:

Rm ¼ aEn
e ; ð3Þ

where Ee is the energy of the secondary electrons

and a is the following:

a ¼ 2:76� 10�11 gcm�2 eV�nhAi
qhZi8=9

; ð4Þ

with q being the density of the sample material and

hAi the average atomic mass of the sample atoms.

To evaluate the integral of Eq. (1) a lower limit rq
was used with the argument that no luminescence
originates within a cylindrical volume with radius

rq. The reason is that the energy density existing

within this volume is too high for producing lu-

minescence and a massive destruction of the lu-

minescent molecules is expected to occur instead,

for example via exciton–exciton annihilation pro-

cesses [8,9].
With Eq. (1) and rq values which correspond to

�ðrqÞ ¼ 1:74� 10�2 eV/nm3 (the volume of a

POPOP molecule is about 0.46 nm3) the overall

behavior of both the 32S and 12C induced lumi-
nescence yields is reproduced as presented in Fig.

3. This good agreement clearly shows that the ion

induced luminescence originates indeed only from

regions with distances larger than rq, i.e. with rel-

atively low-energy density. The less good agree-

ment at smaller ion velocities reflects probably the

fact that the impulse approximation used to cal-

culate �ðrÞ is not valid in this velocity range. The
�ðrqÞ value of 1:74� 10�2 eV/nm3 obtained in this

study is much lower than that of 2:17� 101 eV/

nm3, which was the result in the recent publication

[1] for reproducing the experimental data of a

microcrystalline sample. The new value is much

more reliable due to the use of a POPOP/Formvar

sample by which any effect of shape or size of

microcrystals could be avoided (see below). Typi-
cal rq values corresponding to an energy density of

1:74� 10�2 eV/nm3 are 16 nm (3 MeV) and 22.5

nm (18 MeV) for 12C and 17.3 nm (8.3 MeV) and

44 nm (49 MeV) for 32S ions, respectively.

3.2. Variation of the sample thickness

Various POPOP/Formvar samples with a
thickness d ranging from 40 to 1000 nm were ir-

radiated with 12C6þ ions at 27.5 MeV. The charge

state q ¼ 6 was chosen because it is close to the
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equilibrium charge hqi ¼ 5:8 of 27.5 MeV carbon

ions. This assures that the energy deposition even

in very thin samples is governed by essentially the

same charge state. The relative luminescence yield
as well as the energy loss were measured. The re-

sults presented in Fig. 4 show clearly that the lu-

minescence yield increases linearly with growing

thickness in the nm-range studied. This was ex-

pected because the energy of the primary ion did

not change more than a few percent with increas-

ing sample thickness. A close inspection of a linear

regression through the data points shows, how-
ever, that this fit does not intersect the abscissa at

the origin (see Fig. 4). On the other hand, the

broken line in Fig. 4 representing the TRIM cal-

culation of the energy loss reproduces the mea-

sured energy loss data with the same quality as a

linear regression, which confirms the reliability of

the measured sample thicknesses.

The deviation from the linear fit curve for the
yield data at small thickness values can be ex-

plained by the fact that secondary electrons orig-

inating close to the sample surface can leave the

sample at the entrance as well as at the exit side, if

the distance x between origin of the electron and

sample surface is smaller than the electron range R.
The percentage of secondary electrons which leave
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Fig. 4. Relative luminescence yield and energy loss as a func-

tion of sample thickness d; primary ion: 12C at 27.5 MeV;

samples: POPOP/Formvar foils. The error bars at the lumi-

nescence data present only the uncertainties with regard to the

thickness. The statistical error of the yields are smaller than the

data points. The energy loss data have the same uncertainties

with regard to the thickness. They are not shown as bars at

these points. The statistical errors of the energy loss data are

given in all cases where they exceed the size of the data point.
the sample increases with decreasing sample

thickness. This is clearly demonstrated when the

observation is used, that the number of secondary

electrons, which are able to leave the sample sur-
face, is proportional to [10,11]Z d

0

e�x=R dx: ð5Þ

It follows then that the number of electrons ne
remaining within the sample is given by the ex-

pression

ne / cd � Rð1� e�d=RÞ; ð6Þ
with c being a constant. If the luminescence yield

UðdÞ is assumed to be proportional to the electron

number ne, it is immediately obtained that

UðdÞ / ad � Rð1� e�d=RÞ; ð7Þ
with a being a constant. The assumption that the
escaping electrons change only the magnitude of

the energy density and not its radial dependence is

used in this consideration. Eq. (7) represents a

straight line for d � R. A comparison between

UðdÞ with R ¼ 100 nm and the measured data is

presented in Fig. 5 showing a quite satisfactory

agreement between experimental and calculated

data. It is therefore assumed that the average
range of secondary electrons in the case of 27.5

MeV 12C ions traversing POPOP/Formvar foils is

roughly 100 nm. This value is not contrary to a
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Fig. 5. Relative luminescence yield as a function of sample

thickness d; comparison between a fit according to Eq. (7) with

R ¼ 100 nm and measured data as depicted in Fig. 4. The insert

shows curve and data in the region of smaller values. Error bars

are the same as in Fig. 4.
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maximum range of 664 nm as calculated by Eq.

(3). It agrees very well with a range of 107 nm

which is obtained for d-electrons with a formula
given in [12]. The formula was deduced from a

study of thickness-dependent electron yields for

high-energy ions traversing thin carbon foils [12].

It has therefore been proven that the fact, that

electrons are able to escape from the sample, has

really an influence on the luminescence yield, in

particular in samples with nanoscale dimensions.

3.3. Microcrystalline samples

The energy dependence of the luminescence

yield U, as measured earlier with a 32S beam be-

tween 14 and 60 MeV and with a 650 nm thick

POPOP sample [1], exhibits a significant decrease

after a maximum at 45 MeV in contrast to the

present data. The sample used in the earlier ex-
periments was prepared by evaporating the sample

substance onto an aluminized polyester foil. A

close inspection of this sample by means of a

scanning electron microscope reveals that it ex-

hibits a pronounced microcystalline structure (see

Fig. 6). The POPOP layer consists of crystalline

needles which have typical diameters of about 400

nm and typical lengths between 1 and 2 lm. The
Fig. 6. Scanning electron micrographs of a 650 nm POPOP layer p

(a) overall view at two magnifications; (b) detail view; the scales are
maximum range of the secondary electrons varied

in this experiment between about 30 and 440 nm,

dependent on the 32S velocity. It exceeds, there-

fore, at higher energy clearly the typical diameter
of the microcrystals which leads to a reduced lu-

minescence yield and must be taken into account

in the discussion of the measured data.

A calculation of the luminescence yield of such

microcrystalline samples requires a lot of work.

The variation of the volume excited by the 32S ions

at different energies as well as the distribution of

the size and the arrangement of the crystals must
be included into such a calculation. But even a

simple estimation demonstrates the presence of

this nanoscale effect as shown by the solid line in

Fig. 7. The luminescence data of [1] are compared

in this figure with the result of a calculation which

roughly reproduces the measured data. The esti-

mated results were obtained by calculating an

energy-dependent but simplified correction factor
which neglects the varied arrangements of the

crystals and considers only ion trajectories per-

pendicular through a typical crystal surface of

400 nm� 2000 nm (see [13] for further details).

Further work is obviously needed to improve the

agreement between measured and calculated data,

but the presented data are convincing enough to
roduced by thermal evaporation on an aluminized Mylar foil;

shown in the pictures.
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Fig. 7. Comparison between calculated and measured yield of

luminescence in a microcrystalline sample; experimental data

are taken from [1]; sample: 650 nm POPOP layer produced by

thermal evaporation on an aluminized Mylar foil; primary ion:
32S at energies from 14 to 60 MeV.
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show unambigously the effect of escaping elec-

trons. On the other hand, it may be also possible in

the future to determine the distributions of crystal

size and arrangement in microcrystalline layers by

luminescence measurements when the numerical
evaluation procedures will be developed suffi-

ciently.
4. Summary

Samples with nanoscale dimensions (thickness:

40–1000 nm) consisting of a mixture of the poly-
mer Formvar and the luminescent dye POPOP

were prepared by applying a self-developed multi-

layer technique. They were irradiated with 12C and
32S atomic ions at energies from 2 to 36 MeV and

10 to 55 MeV, respectively. The relative yield of

the luminescence induced by the impact of these

ions was measured by means of the time-correlated

single photon counting technique. The 32S induced
yield increases nearly linearly with increasing ion

energy in the whole energy range studied. The 12C

induced yield reaches a constant value after an

increase up to approximately 25 MeV. The ob-

served data could be reproduced by the applica-

tion of a model based on the energy density

deposited by secondary electrons which are set free

in binary collisions with the primary ion. The
agreement is quite well in the energy range above
the Bragg-maximum of the ion energy loss and

leads to an energy density limit of �ðrqÞ ¼ 1:74�
10�2 eV/nm3 up to which luminescence can be

produced. The luminescence yield measured at
constant initial energy with various sample thick-

nesses increases linearly if the foil thickness ex-

ceeds sufficiently the range of electrons which are

able to leave the sample. For thinner foils, a re-

duced luminescence yield was observed due to the

larger fraction of secondary electrons leaving the

sample. The result is a smaller energy density

along the ion track. The effect of escaping elec-
trons is also shown to arise in microcrystalline

samples which have typical crystal dimensions in

the nm-range. As a consequence, a new approach

in the interpretation of earlier measurements was

made.
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