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Measurements have been carried out of the stopping power distribution for helium and nitrogen ions with 
initial energies Eo-330 keY InucIoon after passing through aluminum, copper, silver, and gold fLlms of 
different thickness. The maximum target thickness corresponded to - 80% of Eo. The widht 1j of the 
energy distributions after the target, plotted as a function of the relative energy loss I:J. EI Eo, has a flat 
maximum near /lE/Eo - 0.4-0.6. Calculations based on existing theories are only in qualitative agreement 
with these measurements: The calculated maximum values of 1j are lower by a factor of 1.5-2 than the 
measured widths and correspond to somewhat greater values of I:J. EI Eo (-0.6-0.8). 

PACS numbers: 61.80.M 

1. INTRODUCTION 

The energy distribution of charged particles trans
mitted by a layer of material is largely determined by 
two mechanisms. One is the statistical mechanism that 
is due to fluctuations in the energy losses experienced 
by the particles while they interact with the atoms of 
the medium,(l-3) whereas the second, nonstatistical, 
mechanism is associated with the difference between 
the specific stopping power dEl dt for particles with 
different velocities.(4) The relative importance of these 
two mechanisms depends on the magnitude of the mean 
energy loss .lE, the thickness t of the material, the 
particle energy E, and the width 1/ of their energy dis
tribution. 

The high-energy region, where the decelerating par
ticles do not carry electrons, and the effect of electron 
bonds in the medium of fluctuations in the energy losses 
is unimportant, has by now been investigated in ade
quate detail. Some theories describe the spread in the 
energy losses in terms of a single statistical mecha
nismp,3) whilst other theories allow for th~onstatisti
cal process. [4-7) For those values of t and .l E which 
correspond to the range of validity of each of these 
mechanisms, the theories are in reasonable agreement 
with experimental results for protons and a particles 
at energies between 1 and 20 MeV/nucleon.la- ll ) 

The low-energy region, where the slowing-down pro
cess is appreciably affected by fluctuations in the parti
cle charge and by the ionization energies of the ab
sorber atoms, has been investigated to a much lesser 
degree. According to existing theoretical ideas, the 
spread in the stopping power of thin targets, plotted as 
a function of particle energy, is a curve with a flat max
imum in the region where resonance processes play an 
important role.[12,13) At lower energies, fluctuations in 
the stopping power should decrease owing to the reduc
tion in the number of electrons effectively participating 
in the slowing-down process.[2,14) Experimental data 
obtained for ~1 MeV protons in solid and gaseous tar
gets[9,15) are only in qualitative agreement with these 
theories, which means that further experimental studies 
in this energy band are essential. 

In this paper, we report measurements of the energy 
spectra of 4 He2 and 14 N 7 ions with initial energies of 
~0.33 MeV/nucleon after passing through aluminum, 
copper, silver, and gold films of different thickness for 
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relative energy losses .lE/Eo between ~0.05 and 
~ 0.8. The root mean square charge of the helium ions 
transmitted by the target was found to vary between 
~ 1.9 and ~ 1.0, whereas the corresponding numbers for 
the nitrogen ions were between ~4.5 and ~2.3. The ex
perimental results are compared with calculations 
based on the Simon theory[4,5) which takes into account 
the velocity dependence of stopping-power fluctuations 
put forward by Lindhard and Scharff.(l4) 

2. EXPERIMENTAL METHOD 

The measurements were carried out on a 72-cm 
cyclotron producing ions with energies up to ~0.33 
MeV/nucleon. The ion beam was passed through an 
analyzing magnet and, after collimation by a set of 
sUts, was intercepted by the target. The target holder 
had three apertures arranged on a vertical line and 
covered uniformly by the ion beam. The central aper
ture had a diameter of ~ 1 mm and was covered by the 
metal film under investigation, and the two other aper
tures were kept open and were used to transmit primary 
atoms directly to the detector. 

The ion detector was a surface barrier silicon 
counter with a working diameter of 5.5 mm. This 
counter could be moved along the beam axis and was 
mounted at different distances from the target. Pulses 
from the detector were received by standard amplifiers 
and were examined by a 256-channel pulse-height ana
lyzer. The overall resolution of the recording system 
for helium and nitrogen ions with energies in the range 
0.1-0.3 MeV/nucleon was ~30 and -70 keV, respec
tively. The spectrometer system was calibrated with 
the aid of the same helium and nitrogen ions transmitted 
through a variable-thickness aluminum foil placed in 
front of the entrance slit of the analyzing magnet. The 
latter thus received an ion beam with a broad energy 
distribution, and was used to select ions of different 
energy and direct them onto the detector. The value of 
the energy was determined from the strength of the de
flecting magnetic field to within ~ 1%. The measured 
relationship between particle energy and channel num
ber at the peak of the energy distribution was found to 
be linear throughout the energy range under investiga
tion to within statistical error (1-2%). The absolute 
calibration of the analyzing magnet was carried out with 
a standard a-particle source (Ra226) which was also 
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used for the additional control of stability and linearity 
of the detection system. 

The targets were three films obtained by vacuum 
evaporation of pure metals onto the cleavage planes of 
NaCI crystals. The crystals were subsequently dis
solved in distilled water and the film thickness twas 
determined by measuring the mean helium-ion energy 
before and after the film, and using the known energy 
dependence of the specific stopping power -dEl dt for 
these ions in each particular material.[l6,17] The thick
ness t was determined to within 1-1.5% (this ignores 
possible systematic errors due to undertainties in the 
measured values of -dEl dt; these errors amounted to 
3-4% in[16,17]). 

The energy spectra were determined 2.,...4 times for 
each film with the detector at 60, 80, and 100 mm from 
the target, which corresponded tQ the detection of parti
cles scattered through angles less than 2.4, 1.9, and 
1.50

• The position of the maximum on the spectrum of 
scattered ions and the distribution width were independ
ent of the angle subtended by the detector (to within ex
perimental error), which indicated that elastic nuclear 
scattering did not contribute appreciably to the slowing 
down of the recorded particles. All the energy distribu
tions were practically symmetric about the maximum 
and, for the most part, could be described by the Gaus
sian distribution. For comparison with the theoretical 
calculations, we determined the full width' at half-height 
(I) ) of the energy distributions. A correction was intro
duced for the finite resolving power of the detection 
system and for the energy spread in the primary beam, 
using the formula 

(1) 

where 1)t and '1'/0 are the experimental widths of the en
ergy spectra of particles transmitted through the target 
and the primary particles, respectively. (The width I) 0 

is almost entirely determined by the resolving power 
of the recording equipment.) The values of 1j obtained 
in this way as functions of target thickness were found 
to vary between ~ 4 and 15 - 2 01. 

3. RESULTS AND ANALYSIS 

The measurements were performed for aluminum, 
copper, silver, and gold films of thickness respectively 
equal to 40-720, 185-1320, 105-1100, and 105-470 
j.J.g/cm2 • The energy spectra of helium ions were ob
tained for 27 aluminum, 22 copper, 18 Silver, and 12 
gold films. The initial energy of the ions was 1200-
1350 keV. For the nitrogen ions, the measurements 
were performed for 20 aluminum, 15 copper, 15 silver, 
and 4 gold films, using initial ion energies of 4550-
4700 keV. Examples of ion spectra after targets of dif
ferent thickness are shown in Fig. 1. Figures 2 and 3 
show measured half-widths of the energy distributions 
as functions of the relative energy loss AE/Eo. 

Our results indicate that, as the target thickness t 
increases, there is at first a rapid increase in the width 
1) of the energy spectrum of ions transmitted by the 
target, but this increase gradually slows down. When 
the energy loss reaches AE ~ 0.4Eo - 0.6Eo, the width 
reaches its maximum value and then beginS to fall. 

In general terms, this shape of the function 
T) = f(AE/Eo) can be explained by the competition be
tween the two mechanisms responsible for the energy 
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spread. At first, when the ion velocities are roughly 
the same, only the statistical mechanism is effective 
and ensures that the spread in ion energies increases 
with increaSing target thickness t and decreasing mean 
energy E. As the width of the energy spectrum in
creases, there is an attendant increase in·the role of 
the nonstatistical mechanism which acts in the opposite 
direction. Under our conditions, the reduction in the 
energy of the nitrogen ions is at first accompanied by a 
reduction in dEl dt (for these ions, the specific stopping 
power reaches a maximum for E> 5 MeV). For helium 
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FIG. I. Energy spectra of helium ions (top) and nitrogen ions 
(bottom) transmitted by a copper film of thickness t: extreme left-
t = 0 (no target), extreme right-t = 1320 J.lg/cm 2• The ordinate axis 
gives the number of counts in the analyzer channel, normalized to the 
peak of the spectrum (N is the channel number). 
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FIG. 2. Helium ions: a-AI, b-Cu, c-Ag (points) and Au (crosses). 
The theoretical curves were calculated for Eo = 1300 keY. 
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FIG. 3. Nitrogen ions: a-AI, b-Cu, c-Ag (points) and Au (crosses). 
The theoretical curves were calculated for Eo = 4600 keV. 

ions, the quantity dE/dt is a maximum for E:S 1 MeV, 
so that, during the initial stages (up to ~E/Eo~ 0.3), it 
varies little but then falls appreciably with decreasing 
E. On the average, the slower ions lose less energy 
than the fast, and the result is that the width of the en
ergy spectrum is reduced. As the ions continue to be 
Slowed down, this reduction compensates and then ex
ceeds the broadening of the spectrum due to the statisti
cal mechanism. 

A form of the function 1) (~E) similar to that shown 
in Figs. 2 and 3 was also obtained for a particles with 
initial energies Eo ~ 5 MeV in gases[1B] and solids[19J. 
However, in these cases, the maximum was observed at 
larger values of ~E/Eo (~0.8-0.9) and was better de
fined. This difference may be due to the fact that the 
initial energy Eo was much greater than the value of 
1 MeV at which the stopping power reached a maximum. 

We used Simon's theory[4] which was given in detail 
by Payne[ 5] to analyze our results. This theory can be 
used to calculate the variance of the energy distribution 
of charged particles losing energy as a result of in
elastic. collisions with electrons in the absorber, sub
ject to the condition that the mean energy loss is com
parable with the initial energy. According to Simonp] 
the variance for a particle beam transmitted by an ab
sorbing layer in which the mean energy is reduced from 
Eo to E is given by 

M(E) , E. N(T) 
Q'~[_l {Q'+2[M(E)1'S--dT}. 

M(E,)U ° 0 E [M(T) l' (2) 

where O~ is the initial variance, M(E) = -dE/dt is the 
specific stopping power of the absorber, and N(E) 
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= %d02/dt is the rate of increase of the variance due 
to the statistical mechanism. 

Lindhard and Scharff[14] have shown that, for charged 
particles whose velocity v satisfies the condition 
V2/V~Z2 s 3, where Vo = 2.19 X lOB cm/sec is the Bohr 
velocity and Z2 is the charge on the absorber atoms, 
the increase in the variance is related to the energy loss 
by the simple formula 

dQ'=- (m,/m;) EdE, (3 ) 

where me and mi are the masses of electrons and de
celerated particles, respectively. Substituting (3) in (2), 
we obtain 

M(E) , B, TdT Q'-[ ]{Q,+m'[M(E)l'S } 
- M(E,) ° ~ ° [M(T) l' . 

E 

(4) 

Using the empirical function for M(E) in (4), we can 
calculate the values of 1/. The results of this calculation 
are shown in Figs. 2 and 3 by the solid curves. The ex
perimental M(E) was taken from the papers by Chu and 
Powers[16] and Porat and Ramavataram.[17] There are 
no data for nitrogen ions in copper. In this case, we 
used the values of M( E) for Silver, increased by 10%, 
We found experimentally that this was the ratio of 
losses for ~4 MeV nitrogen ions. Since the experimental 
spectra were nearly Gaussian, it was assumed that 
1/ = 2(ln 2)1/20 "" 2.300. 

Calculations based on (4) can be Simplified by re
plaCing M(E) with a suitable approximate analytic ex
pression.1) In many cases, the following expression 
yields satisfactory results: 

M(E) =2Mm (EmE)'J'/(Em+E), (5) 

where Em is the energy at which M( E) reaches its 
maximum value Mm. Substituting this in (4), and as
suming that 0 ~ = 0, we obtain the following simple ex
pression: 

Q'=~E(Em+E) [(Em+Eo)' -1]. 
3m, Em+E 

(6 ) 

In particular, for helium ions in aluminum (Em = 500 
keV, Mm = 1.23 keV/iJ,g.cm-2 ), the expression given by 
(5) reproduces the experimental points reported by Chu 
and Powers[16] to within the experimental spread (±2%) 
for energies between 300 and 1900 keV, and calculations 
based on (4) and (6) are Virtually identical. 

Calculations based on (6) show that, as the energy 
increases, the maximum on the 1/ = f(~E/Eo) curve 
shifts toward higher values of the relative energy loss. 
This explains the difference in the position of the maxi
mum for low-energy helium ions (present experiment) 
and the high-energy ions (experiment reported in[19]). 

Even when the theory does provide a correct descrip
tion of the 1/ (~E/Eo) curve, the absolute values of the 
energy spread found experimentally are systematically 
higher than those predicted by the theory. A possible 
reason for this may be that the target is not of uniform 
thickness. This is indicated by a comparison between 
the spread in the energy loss in gases[1B] and metals.[19] 
In the latter case, the spread is substantially greater 
although the theory predicts[14] that, at low ion energies, 
the quantity 1) should not be very dependent on target 
material. 

To estimate the effect of target nonuniformly, some 
of our targets were examined in a scanning electron 
microscope with a magnification of 104. Analysis of 
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target surfaces enabled us to conclude that the mean 
deviation of the surface profile from the perfect plane 
was 100-300 A for target thickness between 500 and 
30 000 A. Allowance for target nonuniformity led to 
better agreement between calculated and experimental 
widths of the energy distribution (broken curves in 
Figs. 2 and 3), but a discrepancy has remained, espec
ially for those values of AE/Eo for which the effect of 
the nonuniformity should have been less pronounced. It 
is possible that the origin of this discrepancy lies in 
fluctuations in the effective charge of the decelerating 
particles, since this charge determines the magnitude 
of the specific stopping power. This shows that the 
theory of the spread in stopping power at low energies, 
where it is governed by the statistical mechanism, is in 
need of improvement. 

The authors are grateful to Yu. P. Divnogortsev, Yu. 
P. Druzhinin, and I. D. Koshev for assistance in the 
measurements on the cyclotron, L. M. Savel'eva, who 
carried out the electron-microscope measurements, 
and to Y. A. Zaritskaya for participation in the analysis 
of the experimental results. 

I)Calculations of this kind can, for example, be based on the semi
empirical formula reported by Brice. [20) The parameters of this form
ula have been determined by Lin et al. [21) for a number of materials. 
We note that this formula is substantially simplified and becomes suit
able for analytical calculations when the universal function fee) with 
e "" v/2vo is approximated by fee) "" 511"(e + 0.11), which, for,e > I, 
does not differ from fee) by more than 0.5%. 
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