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Abstract

Measurements of the stopping forces for 14C, 14N and 16O ions in Ge and Au, for 14N and 19F ions in Ag, as well as for 19F ions in Au
have been made, respectively. A novel technique, reported recently, using PIN diodes coated directly with the stopping medium in a polka
dot pattern was used. This provided a set of precise, self-consistent measurements on the same stopping medium. Results show small but
significant deviations from SRIM stopping predictions and are also compared to a recently-developed empirical stopping force predictor.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fields such as ion beam analysis, ion beam modification
of materials, and radiation therapy rely on the accurate
prediction of the stopping forces in their targets. Theoreti-
cal prediction of stopping forces, particularly around the
Bragg peak, is difficult due to the complexity of the pro-
cesses involved [1]. Many of the best accepted predictors
0168-583X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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therefore employ semi-empirical methods that interpolate
from experimental data [2–6]. In this context, the availabil-
ity of accurate measurements of the stopping forces in tech-
nologically relevant targets for a range of projectile species
and energies is crucial. For heavy ions, however, large dis-
crepancies between independent stopping measurements
are often observed and in many cases measurements have
simply not yet been performed.

A novel method for the measurement of stopping forces
has recently been developed, which employs PIN photodi-
odes that are coated directly with the stopping medium in a
regular polka dot pattern [7]. This new method addresses
some of the issues that currently limit the accuracy of
stopping force measurements. One key problem that is
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overcome is that for low-energy ion stopping measure-
ments the stopping medium must be very thin, making
impractical the use of self-supporting stopping media. With
direct coating the stopping medium can be supported by
the detector itself, with the added improvement in the
control of the thickness and uniformity of the layer. Fur-
thermore, the use of a regular polka dot pattern so that
islands of the stopping medium are present on detector
enables the simultaneous detection of ions that have passed
through the stopping medium and lost energy and those
that passed directly into the detector. The implicit relation-
ship between the energy loss and reference measurements
that results ensures experimental consistency.

The aim of this work is to use this new method to obtain
a set of self-consistent stopping force measurements for
low-energy heavy ions stopped in a selected number of
technologically-relevant target materials.

2. Experimental details

Hamamatsu Si PIN photodiodes (model S-1223-01)
have been employed throughout this work. In each case
the cap has been removed and the detector coated directly
with a patterned layer of the stopping medium. The coating
method has been described previously [7]. Briefly, the
detectors were coated by evaporating the element of inter-
est through a 0.3 mm-thick stainless steel mask. The mask
pattern has 500 lm diameter circular holes that were pro-
duced by laser cutting. To prevent damage to the active
layer of the detector and the contact wire, the mask was
positioned approximately 1 mm above the detector surface
during the evaporation. Using this method, the quality of
the polka dot layer is high [7]. Detectors coated with Ge,
Au and Ag have been employed in this study, respectively.
The thickness of the coating is different in each case (and
has been determined), but is of the order of 250–300 nm.

Energy loss measurements have been performed for 14C,
14N, 16O and 19F ions. The measurements for 16O ions were
ions from 
accelerator

Cu 

Fig. 1. Schematic view of detector stag
performed using the 14 MV tandem Pelletron accelerator
at The Australian National University, while the remainder
were carried out using the 3 MV tandem Pelletron acceler-
ator at Lund University, Sweden. In both cases the exper-
imental setup was such that the ion beam from the
accelerator was directly incident on the detector. In doing
so, the current from the accelerator must be reduced to
between 10 and 100 ions per second. For the case of the
Lund accelerator standard AMS techniques were employed
to achieve this low current [7], while at the ANU accelera-
tor an earlier established technique for beam current reduc-
tion employing defocussing and aperturing was employed
[9]. Each method is described in detail in the cited reference
and has been shown to successfully produce a stable, con-
trollable, low current beam of monoenergetic ions.

The detector stage was the same in each case (trans-
ported between the labs). A pair of coated PIN diodes were
mounted side by side facing the incident beam at the end of
the beam line, with the diodes held in place using a pair of
Teflon disks. A copper plate with two appropriately posi-
tioned 2 mm diameter apertures was situated 5 mm in front
of the detectors and electrically grounded. The diodes were
reverse-biased with an external voltage between 8 and
25 V. The voltage was chosen to result in minimal detector
noise levels and maximum detector resolution. The detec-
tor signals were pre-amplified and then pulse shaped using
a linear spectroscopy amplifier. The signals were subse-
quently digitized using an ADC and recorded using an
MCA.

A multi-line alpha particle source was used to provide a
thickness measurement for each of the coated detectors, as
well as provide an energy calibration for the Lund mea-
surements. For the ANU measurements the energy of the
ions could be determined from the 90� analyzing magnet
setting (uncertainty <0.1%). Three different alpha particle
sources were available and employed for this purpose,
respectively: a 228Th source, an 241Am source and a 226Ra
source. The relevant alpha source was mounted on an
plate

Teflon 
plates

PIN detectors

alpha source on 
moveable rod

feedthroughs
to 
electronics

e viewed from above (not to scale).



Table 1
Summary of each of the measurements performed with the three coated
detectors, respectively

Stopping
medium

Ion
species

Energy
range (MeV)

Accelerator Stripper Detector
bias (Volts)

Au 14Ca 6.3–10.2 Lund Gas 8
14Na 6.2–7.8 Lund Gas 8
14N 8.0–16.5 Lund Gas 25
16O 19.4–49.5 ANU Foil 20
19F 10.5–13.0 Lund Foil 25
19F 2.3–11.8 Lund Foil 25

Ge 14C 6.2–10.1 Lund Gas 8
14N 6.1–7.7 Lund Gas 8
16O 20.2–49.8 ANU Foil 20

Ag 14N 3.8–9.2 Lund Foil 25
14N 5.8–11.2 Lund Foil 25
19F 5.4–10.8 Lund Foil 25
19F 1.8–14.0 Lund Foil 25

Details provided include the ion species and energy ranges measured,
which accelerator was used, the stripping method employed, and the
magnitude of the bias applied to the detector during the measurement.

a See note in text.
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Fig. 2. (a) Energy spectrum showing the stopped and reference peaks for
7.22 MeV 14N ions incident on the Ge-coated detector (unfilled circles).
The skewed Gaussian (Gram–Charlier) fits to the two peaks is overlaid
(thin solid black line) as well as the regions of interest used in the fit (thick
solid black line). (b) Composite energy spectrum for various energy 19F
ions incident on the Au-coated detector. (c) Energy spectrum of the alpha
particles incident on the Ag-coated detector.
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insertion rod (operated from outside the vacuum) so that
the source could be moved in front of the detectors when
required. This setup is illustrated in Fig. 1.

After the stopping measurements were completed the
thickness of the polka dot layer on the detectors was
mapped via Rutherford Backscattering, using a 2 MeV
proton microbeam at the Centre for Ion Beam Applica-
tions at the National University of Singapore. This mea-
surement was performed last of all because the damage
introduced into the detector by the proton beam destroys
the resolving power of the detector.

For clarity, Table 1 provides a summary of the relevant
experimental details of each of the stopping measurements
performed with the three coated detectors, respectively.
The energy range and ion species studied are listed, as
are the accelerator used, stripping method employed, and
the detector bias applied. It should be noted that in the
case of the Lund measurements a Wien velocity filter was
located between the analyzing magnet and detector set-up.

It is important to note that the results of the measurements
indicated by letter ‘a’ in Table 1 have been reported earlier [7].
However, the peak fitting method has been improved and a
new thickness value determined; (1497 ± 30) · 1015 atoms/
cm2 compared to (1473 ± 31) · 1015 atoms/cm2 (an increase
of 1.6%). This new value, while not significantly different
from the previously determined value, is believed to be a
more reliable estimate of the thickness of the Au polkadots.
Hence, updated dE/dx values are presented here for these
earlier measurements, based on the new thickness estimate
and improved fits to the experimental data.

3. Results

(Fig. 2(a)) shows the energy spectrum measured for
7.22 MeV 14N ions incident on the Ge-coated detector.
Two peaks are observed. The higher energy peak, hereafter
referred to as the ‘reference peak’, results from ions passing
directly into the detector. The lower energy peak, hereafter
referred to as the ‘stopped peak’, is a result of ions that
pass through the full thickness of stopping medium before
entering the detector. The relative integral areas of these
two peaks reflects the areal fraction of the irradiated por-
tion of the detector that is covered in the stopping medium,
in this case Ge. The continuous, but low yield, region
between these two peaks represents ions that pass through
the non-vertical edges of the dots. (Fig. 2(b)) shows a com-
posite spectrum containing the spectra measured for
several different energy 19F ions incident on the Au-coated



Table 2
Thicknesses of the three stopping media as measured by alpha energy loss
and (for Ge) as measured by proton microprobe measurements

Stopping
medium

Thickness:
alpha energy loss
(·1015 atoms/cm2)

Thickness:
proton microprobe
(·1015 atoms/cm2)

Ge 1288 ± 46 1364 ± 71
Ag 1769 ± 36
Au 1497 ± 30

1 The stopping force results are given in absolute units of eV/
(1015 atoms/cm2). Using the target density these can be converted to units
incorporating physical thickness such as eV/nm. For example, if the
density of your Au target is 5.904 · 1022 atoms/cm3, multiply the Au
stopping force by 5.904 to convert it to units of eV/nm.
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detector. As the energy of the ion increases so does the
energy loss in the Au as evidenced by the increasing spacing
between the stopped and reference peaks.

Gram–Charlier series of type A distributions [8] (with
zero kurtosis and non-zero skewness) were used to fit the
peaks and determine their exact positions. The introduc-
tion of a skewness factor was found to more reliably
account for the observed scattering tails of the peaks than
could be done using a simple Gaussian fit. Only the first
few terms of Gram–Charlier series were used. In this form,
the truncated series essentially represents a normal proba-
bility distribution function multiplied by a factor that
incorporates the departure from normality. For the case
of zero kurtosis and non-zero skewness the series then
has the following form:

g ¼ A0 � exp �X 2

2

� �
� ½1þ aðX 3 � 3X Þ� ð1Þ

where

X ¼ x� x0

r
ð2Þ

The parameters A0, r and x0 have the same meaning as
in a Gaussian function, while a is the skewness factor. A
negative a value results in a low energy tail, while a positive
a results in a high energy tail. In this study it was found
that the stopped and reference peaks were approximately
equally affected by a (low energy) scattering tail. Hence,
the constraint that the skewness factor a has the same (neg-
ative) value for the two peaks was applied in each case.

Examples of Gram–Charlier series fits to the stopped
and reference peaks are given in (Fig. 2(a)). The extent of
the fit lines (thick solid lines) indicates the region of interest
that was typically defined in each case in an effort to limit
the fits to ions that pass through either a zero or the full
thickness of the stopping medium islands and exclude ions
that pass though the edges of the islands.

The reference peak positions obtained through these fits
were used to calibrate each detector and obtain accurate
measurements of the keV/channel values. For the cases
where the absolute energy of the ion could not be deter-
mined with high precision from accelerator settings (Lund
measurements) reference peak positions from the alpha
source spectra were used instead. Importantly, no signifi-
cant departures from linearity were observed and the alpha
calibrations for the Lund measurements were found to
agree well with the calibration that could be determined
from the accelerator settings, indicating that there is no sig-
nificant pulse height deficit effect for these ions and energies
in the PIN diodes and that the alpha calibration is a reli-
able substitute where a high precision direct calibration is
not available.

To determine the final stopping force values from the
energy losses measured an accurate estimate of the stop-
ping medium thickness is required. Since alpha particle
stopping forces can considered to be well known, the
energy loss experienced by the alphas in the stopping
medium provides an accurate thickness estimate. This esti-
mate is further improved through the use of a multi-line
alpha source (which emits several different energy alpha
particles due to the decay of the main isotope and its radio-
active daughters) so that 4–6 independent thickness esti-
mates can be combined to provide a best estimate of the
thickness. This is illustrated in (Fig. 2(c)) for the Ag-coated
detector. Using the alpha particle data thicknesses were
determined for the three stopping media. The results are
listed in Table 2. Here the uncertainty incorporates the
uncertainty in the measurement as well as an estimated
2% uncertainty in the alpha particle stopping powers used.

From the the proton micropobe backscattering measure-
ments a thickness for the Ge detector of (1364 ±
71) · 1015 atoms/cm2 was obtained. The results rely on
comparison with a Pt standard (MicroMatter, accurate to
±5%) rather than proton stopping force values. Proton
microprobe measurements have been performed so far only
on the Ge detector but show agreement (within experimen-
tal uncertainty) with the thickness measured using the alpha
energy loss measurements (see Table 2). (Fig. 3(a)) presents
the map of the backscattered protons corresponding to scat-
tering from Ge. From the uniform grey contrast in the cen-
tral region of the dot (Fig. 3(a)) and the extent of the scatter
of data points about the line relative to the counting statis-
tical error (error bars in (Fig. 3(b)) and (c)) there is no evi-
dence to suggest the Ge film thickness not uniform over the
central part of the polka-dot. The edges of the Ge dot are
sloping which may be associated with edge broadening from
the proximity mask used for evaporation. We expect similar
thickness profiles for the Au and Ag coated detectors
because these were evaporated using identical conditions
as used for the Ge coated detector.

Stopping force values have been calculated by dividing
the energy loss values by the best estimate of the thickness
of the stopping medium on each detector, respectively. This
assumes that the change in stopping force is approximately
linear over the thickness of the stopping medium, which is
a good assumption. The results are plotted in (Figs. 4–6)
for the targets Ge, Ag and Au, respectively, and are tabu-
lated at the end of this paper (Table 3).1 Note that the data



Fig. 3. (a) Map of the backscattered 2 MeV proton signal corresponding
to Ge. (b) and (c) line scans of the Ge signal corresponding to the lines
shown in (a).
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for 49.5 MeV 16O ions stopped in Au were inadvertently
taken at a different gain setting to the remainder of the
data. The result is included here with our best estimate of
the gain change based on the shift in the alpha particle
spectra.

In (Figs. 4–6) the stopping forces are plotted at the mean
ion energy (incident ion energy minus half the energy loss
in the layer). Also plotted in these figures are the stopping
forces from the works of others. Data points are taken
from the Paul stopping database [11] and stopping force
predictions from SRIM2003.20 [6] and the Weijers et al.
predictor [10]. Note that in some cases the predictor is plot-
ted outside its optimized validity range (0.1–1.0 MeV/u),
however, it is interesting to make this comparison
nonetheless.

4. Discussion

For the stopping forces of Ge for 14C and 14N ions
shown in (Fig. 4(a) and (b)) there are no other experimental
data available from the database suggesting that these mea-
surements are first for these ions in Ge. In general the stop-
ping forces measured tend to be slightly higher than the
values predicted by SRIM. The deviation is of the order
of 2.3–5.3% for 14C and 4.7–5.3% for 14N. The Weijers
et al. predictor does a better job in comparison to the
new measurements particularly for 14N, however, the
agreement is still not exact.

For the Ge stopping force measurements shown in
(Fig. 4(c)) for 16O ions there is one set of experimental data
available from the database. The new data spans a compa-
rable energy range on the high energy side of the stopping
peak, however, it exhibits a steeper energy dependence than
predicted by SRIM or the other data set. Interestingly, the
Weijers et al. predictor, which is based on global fit to all of
the data in the Paul database, also predicts a steeper energy
dependence.

The stopping forces of Ag for 14N and 19F (Fig. 5(a) and
(b)) have been studied more thoroughly, though most of
the experimental data is concentrated in the energy region
below the region of interest here. Around the Bragg peak,
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where the current measurements have been performed,
comparative data is sparse and shows significant spread.
This is particularly true for 14N. The new data is much
smoother and generally follows the trend predicted by
SRIM, with a significant deviation (up to 6.9%) only at
the lowest energies measured. For 19F the new measure-
ments smoothly extrapolate from the energy dependence
observed for the other data in the energy range up to
5 MeV. Above 5 MeV the deviation from SRIM becomes
significant (increasing upto 7.8% at its maximum). The
Weijers et al. predictor does not do as well for this stopping
medium for 14N and 19F ions.

For the stopping forces of Au for 14C ion plotted in
(Fig. 6(a)) the data is higher than SRIM and in approxi-
mate agreement with the Weijers et al. predictor except
for the two highest energies where it falls approximately
midway between the two. In this case also, the database
provides no comparative experimental data suggesting that
this is a first measurement for this ion-target combination.

Above 7.5 MeV, existing measurements from the data-
base for the stopping force of Au for 14N ions are in dis-
agreement. Two series of measurements exist, which differ
by 10–15%. SRIM and the Weijers et al. predictor suggest
that the higher of the two is the most accurate and these are
also consistent with data below this energy range. The Au
stopping forces measured here (Fig. 6(b)) for 14N ions con-
firm that the higher of the two sets is the most accurate.
The measured data agrees well with the Weijers et al. pre-
dictor and suggests that SRIM underestimates the stopping
forces of Au by 1.8–6.4% for 14N ions over this energy
range.

The stopping measurements for 19F ions in Au plotted in
(Fig. 6(c)) show the greatest deviation from SRIM values
observed in this study (upto 11.2%). Most of the earlier
experimental data for this ion-target combination is con-
centrated in the energy region below 2 MeV. Recent mea-
surements (2005) by Zhang et al. [12] also indicate that
above 2 MeV the SRIM values lie too low, but Zhang
et al. suggest a smaller deviation. Our work provides new
results in the energy range 10–13 MeV. Our new data, the
Weijers et al. predictor and the data by Zhang et al.,
although not in quantitative agreement, all predict a stee-
per energy dependence than is expected from SRIM for
19F ions in Au.



Table 3
List of the measured stopping force values (in the units eV/(1015 atoms/cm2)) for various ions and energies in Ge, Ag, and Au, compared with the
predictions of SRIM 2003.20 [6] and the Weijers et al. predictor [10]

Stopping medium Ion species Mean energy (MeV) Stopping force in eV/(1015 at/cm2)

Measured SRIM 2003.20 Weijers predictor

Ge 14C 6.19 383.46 374.33 383.26
6.99 390.23 376.75 381.03
7.78 393.53 377.19 384.15
8.56 395.93 376.53 382.35
9.35 396.19 375.09 379.54

10.10 390.21 373.15 376.22

Ge 14N 6.09 474.64 449.61 464.45
6.91 481.42 455.90 468.93
7.70 481.93 459.51 470.66

Ge 16O 20.20 532.62 508.30 513.28
29.80 477.10 460.63 454.69
40.02 414.93 411.83 403.04
49.76 363.99 374.48 363.75

Ag 14N 3.83 579.38 539.54 495.09
5.50 609.99 579.51 537.67
6.51 616.02 592.21 552.04
6.60 600.46 592.90 553.02
7.60 622.28 599.15 561.19
8.63 615.80 602.03 565.44
9.16 616.84 602.37 566.36
9.74 607.35 601.82 566.56

10.89 600.55 598.93 564.97

Ag 19F 2.79 593.62 585.64 518.61
3.84 674.45 675.85 585.74
4.78 733.44 729.26 632.02
5.42 773.10 755.82 657.91
5.80 781.16 768.14 671.49
5.93 792.63 772.08 675.86
6.43 821.98 784.89 691.45
6.87 819.95 793.94 703.71
6.95 831.81 795.51 705.80
7.46 850.50 802.76 718.22
7.96 861.38 809.63 728.98
8.18 850.85 811.57 733.31
9.08 887.42 818.38 748.70
9.60 870.69 820.48 756.08

10.32 870.08 822.35 764.70
10.57 878.47 822.62 767.30
10.76 861.11 822.79 769.15
11.77 871.30 822.25 777.32
12.36 880.69 821.18 780.95
14.01 873.17 816.11 787.35

Au 14C 6.29 573.06 548.42 561.35
7.10 577.37 554.58 571.67
7.90 576.90 558.17 579.01
8.68 583.34 559.88 587.14
9.48 575.50 560.30 583.93

10.23 579.19 559.74 588.75

Au 14N 6.23 714.66 659.61 672.70
7.05 718.32 672.03 688.31
7.83 730.82 680.48 699.70
8.05 695.37 682.65 702.39
9.69 717.99 692.22 716.57

11.39 720.98 695.15 722.89
13.00 722.55 693.53 723.46
14.75 722.73 688.12 719.99
16.53 717.69 680.13 713.45
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Table 3 (continued)

Stopping medium Ion species Mean energy (MeV) Stopping force in eV/(1015 at/cm2)

Measured SRIM 2003.20 Weijers predictor

Au 16O 19.94 806.16 794.56 856.60
29.54 754.74 742.74 807.14
35.64 726.27 712.22 770.07
39.75 709.13 689.65 745.41
46.84 676.96 653.47 704.99
49.49 671.36 640.64 690.73

Au 19F 1.66 527.54 461.62 507.83
2.57 648.68 603.68 603.00
3.56 749.17 713.44 681.43
4.43 821.96 779.91 736.56
5.45 888.73 834.04 789.47
6.50 941.27 871.57 833.89
7.79 992.97 900.64 877.73
9.15 1023.29 920.33 913.93

10.12 1034.14 929.30 934.71
10.46 1040.43 931.52 941.15
10.66 1043.63 932.88 944.74
11.25 1049.24 936.17 954.58
11.77 1041.62 938.37 962.35
11.80 1053.69 938.47 962.78
12.38 1058.31 940.37 970.50
13.02 1060.23 941.98 978.01
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For our last ion-target combination, 16O stopped in Au
(Fig. 6(d)), the comparative data from the database is also
concentrated at energies lower than those studied here. Sig-
nificant spread is also evident particularly around the
Bragg peak. The new measurements agree well with both
SRIM and those experimental results in the energy range
of interest, with a slight deviation (3.2–5.0%) only at the
highest energies studied. Clearly, the Weijers et al. predic-
tor does not perform as well. Since the predictor is based
on a fit to all reliable data, it tends to be higher in this case
as it has been influenced by the anomalously high data set
observed just above the Bragg peak.

In general, while there is some scatter in the measured
data, the main source of uncertainty is the stopping med-
ium thickness estimate. For the Ge-coated detector, the
proton microprobe measurements agree within uncertainty
with alpha energy loss measurements, however, some
uncertainty in the final stopping force values remains.
One advantage of the current technique is that since all
the measurements for a given target material are measured
on the same target, the measurements form a self-consis-
tent set. This has the added advantage that any future
improvements in the thickness measurement can be incor-
porated subsequently to improve the global uncertainty
in the data set.

In this context, it should be noted that the PIN detectors
used in this study have proved to be radiation hard, with
no measurable degradation in the performance observed
thus far. One single detector can therefore be used for large
series of measurements providing a set of self-consistent set
of results directly comparing the stopping forces for the
same stopping medium.
5. Conclusion

In this work a recently-developed novel technique
employing coated PIN diodes has been employed to make
measurements of the stopping forces in different targets for
low energy heavy ions. The technique has proved reliable
and efficient for this purpose and a set of self-consistent
measurements were obtained for 14C, 14N and 16O ions
stopped in Ge, 14N and 19F ions stopped in Ag and 14C,
14N, 16O and 19F ions stopped in Au. Small but significant
deviations from SRIM values were observed. Comparisons
were also made with a recently-developed empirical stop-
ping force predictor. The predictor performs well even out-
side its optimized validity range (0.1–1.0 MeV/u) and in
many cases agrees more closely with the measured stopping
force values than SRIM in the energy range of interest.
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