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Measured stopping powers of 2C and N jons in thin elemental foils
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Absolute stopping values for 2¢ and "N ions in Be, C, Al Si, Ni, Ag and Au were measured over the energy region 200 to 2000
keV. Surface barrier particle detectors were used to measure the energy loss of heavy ions passing through thin, self-supporting films.
The effective charge ratio of heavy ions to hydrogen was examined and found to be a complex function of ion energy and the

stopping medium.

1. Introduction

In this paper we describe further measurements in
our attempt to provide an accurate and consistent set of
ion stopping values for some more common elemental
materials.

Our studies with the heavier ions '>C and "N pro-
vide data for use in radiation damage calculations; for
example, in the use of heavy ion beams to simulate
neutron damage in nuclear reactor components [1] or in
radiation dosimetry where C, N, O and H are the
primary recoil products produced in neutron irradiation
of tissue [2]. In addition, the data provide useful input
for checking theoretical models used to calculate stop-
ping powers.

2. Experimental

The experimental conditions used were similar to
those described in detail in previous pyblications [3-5).
Beams of >C and N ions were obfained from the
CRNL 2 MV National Electrostatics Corporation accel-
erator and a 2.5 MV Van de Graaff accelerator. As
shown in fig. 1, the collimated ion beam strikes a
multicomponent target consisting of evaporated layers
of Al (1.7 pg/cm?) or Cr (22 pg/cm®) and Au (0.32
1g/cm?). A surface barrier particle detector was used to
measure the energies of the scattered beams before and
after traversing thin elemental films of known thick-
nesses. The incident beam backscattering at a fixed
angle of 90 ° off each component in the target produces
two well defined energies, see fig. 2. A knowledge of the

accelerator energies and the kinematic factors for back-
scattering provided the energy calibration data for the
surfage barrier detectors. Such calibrations include cor-
rections for detector window thickness and any nonlin-
ear energy response of the detector. Calibrations were
carried out at 100 keV intervals from 200 to 2600 keV
relative to the accelerator beam analyzing magnets,
which had been calibrated by nuclear threshold reac-
tions. Doubly charged ions from the NEC accelerator
were used to cover the energy range 2000 to 2600 keV.
Analyzing magnet field values set to produce 2 MeV
ions from singly or doubly charged ions did in fact
produce identical energies, as measured by the particle
detector. Frequent measurements of beam energies
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Fig. 1. Experimental arrangement for measuring the energy
loss of heavy ions transmitted through thin films.
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Fig. 2. Pulse height spectra of C and N ions scattered at 90° from thin evaporated layers of Al or Cr and Au on a thick C substrate.

without foils indicated that a well appertured beam was
stable to +2 keV,

Thin films were prepared by vacuum deposition.
Representative films from each batch prepared were
examined by Rutherford backscattering analysis for im-
purities and homogeneity. Since films of Be, Al and Si
readily form oxides during vacuum deposition, it was
considered essential to select batches of films with no
significant contamination by adsorbed water, oxide for-
mation, carbon deposits or incomplete removal of the
release agent, Spectra of the analysis were shown in ref.
[6). A 2 mm diameter “He beam was used to examine
various portions of a foil. The energy difference mea-
sured between backscattering from front and back
surfaces of a film was a constant and indicated that the
films were homogeneous over an area of 8 mm by 8 mm

Table 1
Thin film characteristics

Film Thickness No. of stopping
range values measured
(ng/cn) T
Be 78-120 43 -
C 28— 48 138 87
Al 53-110 108 42
Si 114-183 152 77
Ni 40- 36 55 68
Ag 55— 98 111 84
Au 69-146 128 81

to +1 pg/cm®. Analysis of the films by electron mi-
croscopy showed no abnormal structural features for
these films. The thicknesses of each film was measured
by direct weighing of a known film area (~ 1.3 cm X
~1.3 ¢cm). During the actual stopping measurements
the thicknesses were reconfirmed using a 2 MeV ‘He
ion beam and comparing the observed energy loss with
our previously determined *He stopping data {3,4]. For
each element, from 10 to 18 different films were used
which covered thickness ranges given in table 1. We are
careful to express thicknesses as areal density (pg/cm?)
and not angstrdms, since the densities of thin films are
not known. The many films used were mounted in
different orientations normal to the incident heavy ion
beams and showed no effects which could be attributed
to ion channeling.

The observed energy shift when a film is inserted
into an ion beam divided by the known film thickness
gives the stopping value for that material.

3. Results and discussion

Also listed in table 1 are the number of individual
stopping measurements made for each element. A
smooth curve drawn through the data points for each
element was based on a least squares polynomial it and
the results are shown in figs. 3 and 4. Fitted values at 50
keV intervals are listed in tables 2 and 3. The experi-
mental uncertainty for any of the stopping measure-
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Fig. 3. Energy dependence of stopping values of some elemental films for '2C ions. The lines represent polynomial least-squares fit to
our measured data.
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Fig. 4. Energy dependence of stopping values of some elemental films for '*N ions. The lines represent polynomial least-squares fit to
our measured values.
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ments consisted of peak fitting to +0.2 channels (0.5 to
1.5%), detector energy calibration and stability (0.2 to
1.0%), film weighing to +2 pg/cm? (0.8 to 3%), and
film area determination (2 to 3.5%). The maximum
spread in values for a given ion energy was less than 4%
so that the estimated uncertainty in the stopping values
in tables 2 and 3 is 5%.

In comparing our results with previous measure-
ments we find that the only set of data which cover the
energy region of 0.2 to 2.0 MeV were by Porat and
Ramavataram [7]. Their results for C ions in C, Al, Ni
and Ag are within 0.2 and 8% of our values. The same
agreement exists for N ions except for Al where their
values at energies above 1 MeV are 13% lower than

ours. Values for C and N ions in Au are 5 to 15%
different from ours.

Agreement with other measurements over a limited
energy range are as follows: Fastrup et al. [8] 220 to 418
keV C and N ions in C (2 to 7%). Schulz and Brandt [9]
229 to 570 keV N ions in C, Al (0.5 to 8%) and Au (0.2
to 30%). Ward et al. [10] at 202 and 301 keV C ions in
C, Ni, Au (6%), Al (15%) and Ag (12%). For N ions at
283 and 340 keV C(5-9%), Al (8-11%), Ni (2-8%), Ag
(13%) and Au (1-8%).

It is perhaps more important to compare our mea-
surements with semi-empirical tabulations which were
based on existing experimental data, since the latter are
generally used rather than individual vaiues from a

Table 2
Stopping power values for 12¢C jons (keV/pgcm™2)
Energy Stopping materials
(keV) Be C Al Si Ni Ag Au
200 2.60 2.67 1.87 1.74 0.919 0.718 0.364
250 2.76 2.97 2.07 2.01 1.05 0.819 0.441
300 292 324 225 2.27 1.17 0.913 0.509
350 3.08 3.48 242 2.50 1.28 1.00 0.570
400 325 n 2.58 2.1 1.38 1.08 0.624
450 341 3.92 2.73 2.90 1.48 1.16 0.627
500 3.58 411 2.87 3.08 1.56 1.23 0.716
550 3.75 4.28 3.00 324 1.64 1.30 0.754
600 391 4.44 3.12 3.39 1.72 1.36 0.789
650 407 4.60 324 353 1.79 1.42 0.821
760 4.23 4.74 3.35 3.66 1.86 1.48 0.849
750 4.38 4.87 345 3.77 1.92 1.53 0.875
800 453 4.99 3.55 3.88 1.97 1.58 0.899
850 4.67 5.11 3.64 3.99 203 1.63 0.922
900 4.81 523 3.72 4.08 2.08 1.67 0.943
950 4.94 5.33 3.81 417 213 1.7 0.963
1000 5.06 5.44 3.88 426 218 1.75 0.983
1050 5.18 5.54 3.96 434 223 1.79 1.00
1100 5.28 5.64 4.03 4.42 227 1.83 1.02
1150 5.38 5.74 410 4.50 2.31 1.86 1.04
1200 5.47 5.83 416 4.57 2.36 1.89 1.06
1250 5.56 5.93 422 4.64 2.40 1.92 1.08
1300 5.63 6.02 428 4.70 2.44 1.95 1.10
1350 5.70 6.11 4.34 4.76 2.48 1.98 1.12
1400 5.76 6.21 439 4.82 2.52 2.01 1.14
1450 5.82 6.30 4.44 487 2.56 204 1.16
1500 5.87 6.38 4.48 4.92 2.60 207 1.18
1550 5.91 6.47 4.53 4.96 2.64 2.09 1.20
1600 5.95 6.56 4.57 5.00 2.68 212 122
1650 5.98 6.64 4.60 5.03 272 2.14 1.25
1700 6.01 6.72 4.63 5.05 2.75 216 1.27
1750 6.04 6.79 4.66 5.05 2.79 219 1.29
1800 6.06 6.86 4.68 5.06 2.82 221 1.30
1850 6.09 6.92 4.70 5.05 2.86 2.23 1.32
1900 6.11 6.97 47 5.03 2.88 2.25 1.33
1950 6.14 7.02 472 4.99 291 2.27 1.35
2000 6.17 7.06 4.72 4.93 294 2.29 1.36
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Table 3
Stopping power values for N ions (keV/pgcem™?)
Energy Stopping materials
(keV) I Al Si Ni Ag Au
200 2.99 1.78 1.86 1.01 0.730 0.340
250 319 2.03 2.06 111 0.840 0.411
300 3.38 2.27 2.26 1.21 0.942 0.478
350 3.57 2.50 245 1.31 1.04 0.541
400 3.76 2.71 2.64 1.41 1.13 0.601
450 3.94 2.92 2.82 1.50 1.21 0.657
500 413 in 3.00 1.60 1.29 0.710
550 431 3.30 3.17 1.69 1.36 0.760
600 4.50 3.47 3.34 1.78 1.43 0.807
650 467 3.64 3.50 1.87 1.50 0.851
700 4.85 3.80 3.65 1.95 1.56 0.893
750 5.02 3.96 3.80 2.03 1.62 0.933
800 5.19 411 3.95 21 1.68 0.971
850 5.35 4.25 4.09 2.19 1.74 1.01
900 5.52 4.38 422 227 1.79 1.04
950 5.67 4.51 4.35 2.34 1.84 1.07
1000 5.83 4.63 4.48 241 1.89 1.10
1050 5.98 4.74 4.60 2.48 1.94 1.13
1100 6.13 485 471 2.54 1.99 1.16
1150 6.27 4.96 4.82 2.61 2.04 1.19
1200 6.41 5.06 492 2.67 2.09 1.21
1250 6.55 5.16 5.02 2.72 213 1.24
1300 6.68 5.25 5.12 2.78 2.18 1.26
1350 6.81 5.33 5.21 2.83 2.23 1.29
1400 6.94 5.42 5.30 2.89 2.27 131
1450 7.06 5.49 5.38 2.94 2.32 1.34
1500 7.17 5.57 5.46 2.98 2.36 1.36
1550 7.29 5.64 5.54 3.03 2.40 1.38
1600 7.40 5.71 5.61 3.07 2.44 1.40
1650 7.50 5.77 5.68 312 2.48 1.43
1700 7.60 5.82 5.75 3.16 2.52 145
1750 7.70 5.88 5.81 3.20 2.56 1.47
1800 7.80 5.93 5.87 3.23 2.59 1.49
1850 7.89 5.97 5.93 3.28 2.62 1.52
1900 7.98 6.01 5.99 3.31 2.65 1.54
1950 8.06 6.05 6.05 335 2.67 1.56
2000 8.14 6.08 6.10 3.39 2.70 1.59

particular measurement. This enables a reader to judge
whether a particular experiment which used stopping
values from a tabulation would be expected to give
different results if renormalized to our recent data.
Northcliffe and Schilling [11] was chosen since their
data were used extensively in the 1970s as input to
theoretical and experimental works. More recent evalua-
tions are presumably contained in Ziegler’s computer
program TRIM-88 [12]. The energies chosen in table 4
are those given in Northcliffe and Schilling [11]. Within
our experimental uncertainty of 5%, there is fair agree-
ment in the energy region of 200 to 2000 keV for C ions
in C, Al and Ni, but only for N ions in Ni and
Northcliffe and Schilling [11] values in C.

There are limited energy regions where good agree-

ment exists between our measurements and some of the
semi-empirical values. Overall there is no substantial
improvement when comparing the 1988 tabulations with
those suggested in 1970. This is perhaps not surprising
since calculated heavy ion stopping values (Sy;) are
based on scaling proton stopping values (S,) at the
same ion velocity and also requires a knowledge of the
effective charge of C and N ions at that ion velocity.

Sur = (Zﬁl/zp*)zsp,

where Z* represents the effective charge of ions as they
slow down in the stopping medium.

Effective charge data in this velocity region cannot
be calculated and the data are not generally available
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Table 4

Comparison of stopping values (keV /ugcm™ )
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Energy C ions in stopping materials
(keV) Be C Al
a) D) 5) ay by <) a) [3) <)
300 3.61 4.07 292 2.99 3.40 324 2.19 2.42 225
600 5.04 5.07 391 4.23 4,62 4.25 3.08 3.28 312
960 6.11 5.75 496 5.29 5.70 5.36 3.77 3.09 3.82
1500 6.99 6.21 5.87 6.45 6.69 6.38 4.40 428 448
1920 7.29 6.33 6.12 7.08 7.07 6.99 4.64 444 471
Ni Ag Au
300 118 113 117 0.921 0.866 0.913 0463 0.461 0.509
600 1.69 1.69 1.72 1.31 1.22 1.36 0.668 0.661 0.789
960 213 212 214 1.66 1.57 1.72 0.872 0.869 0.968
1500 2.58 2.53 2,60 2.02 1.96 2.07 1.11 1.12 1.18
1920 2.80 2.74 2.90 2.18 217 2.26 1.22 1.26 1.34
Energy N ions in stopping materials
(keV) Be C Al
a) ) 3} ay by B) ay B 3]
280 3.76 4.36 3.11 3.66 3.30 2.28 2.51 218
560 5.30 5.57 441 4.92 4.35 3.22 3.54 3.33
980 6.70 6.58 5.73 6.37 5717 412 4.39 458
1400 7.59 112 6.75 7.38 6.94 4,73 485 542
1750 9.10 741 7.47 7.95 7.70 5.09 5.09 5.88
Ni Ag Au
280 1.23 1.18 117 0.957 0.898 0.902 0.478 0.480 0.452
560 1.76 1.76 1.71 1.36 1.28 1.38 0.686 0.689 0.769
980 231 2.36 2.38 1.80 1.73 1.87 0.936 0.949 1.09
1400 272 2.76 2.89 212 2.09 227 113 1.17 1.31
1750 2.99 298 320 2.34 2.33 2.56 1.28 1.33 147

* Northcliffe and Schilling {7}.

®) Ziegler [8].
© This work.

experimentally. If we examine effective charge values
obtained from our measurements, as plotted in figs. 5
and 6 (uncertainty of 4%), we see that the effective
charge is very dependent on the stopping medium and
appears to change with energy in an unpredictable way.
These effects were similar to those observed by us in
measuring the stopping of "Li ions [5]. Except that the
values for effective charge ratios in stopping media
were:

C > Si= Al > Ni > Ag > Au for 'Li ions,

Si>> Al> Ag = Ni= Au > C for 2C jons, and

Al > Si> Ag = Au = Ni > C for "*N ions.
Consequently it is difficult with the limited data

available to predict how the effective charge of a heavy
ion changes with energy and the stopping medium.

For this reason we have continued our measurements
of stopping values for %0 and '°F ijons. When these
data have been processed we shall try to correlate
effective charge of an ion as a function of the stopping
media and ion energy. In the meantime we have pro-
vided another consistent set of measured stopping val-
ues for heavy ions in some commonly used target
materials. We attempted to establish validity by repeat-
ing measurements over and over under the same experi-
mental conditions, then again under different condi-
tions, ie, different film thicknesses and a different
accelerator with an independent energy calibration sys-
tem. Stopping values were also cross-checked by cycling
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Fig. 5. Energy dependence of the effective charge ratio for '2C ions based on our measured stopping values for *H and '>C ions.

Estimated uncertainties in the ratios are 4%.
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films of different elemenis under the same experimental
conditions. Many of the films had also been used in
previous experiments with other heavy ions [3-51.
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