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The stopping powers for 0.5—-5.2 MeV/B ions in the C, Al, Ti, Cu, Nb, and Ag targets have been measured
using a transmission technique. The experimental error is about 3%. The results are comparagitoghe
calculation and fitted to an empirical formula. Our measurements'Brin the Al target are reasonably
consistent with Ziegler's compilation. However, for the other five stoppers, significant deviation is found. The
effective charge deduced from our experimental measurements appears to have a clear dependence on the
stopping medium. The electronic stopping power at low energies exhibits a stromgcillation, which
becomes weaker with increasing energy of boron ip86163-18208)01517-3

I. INTRODUCTION layer of 4 nm. The foil under investigation was placed in
front of the silicon surface barrier detector, positioned at a
The knowledge of stopping powers for heavy ions in vari-scattering angle of 160°. In this way the ion flux could be
ous materials is of significant importance in applications in-requced to a reasonable level and direct beam exposure of
volving heavy ions and in the development of theoreticalg fgjls was avoided. The energy loss of the ions transmitted
32%3;025055;:;3“;2;3; iiﬁz(ﬁgrzmtig;zoermat'on on IOWfhrough the foil could then be determined by the shift of the
. leading edge of the energy spectra for the thick gold layer

This study is an investigation of the stopping powers for
05-52 Me\); 118 ions in g Al Ti. Cu Nbppan?j I?Ag foils and by the change of the spectrum peak position for the thin

using a transmission technique. It is a continuation of ou@d°ld layer. The energy calibration of the detector system was
Systema‘[ic Study of stopping powers in various Sdi‘d‘gn carried out by USing scattered boron ion beams of known
the present energy region, no previous experimental stoppingnergies, as defined by the magnetic field of the accelerator
data exist to our knowledge for boron ions in these foils. Inanalyzing magnet. In this way, corrections include effects
this paper, our results are compared to the Ziegler-Biersackiue to detector window thickness, pulse height defect, and
Littmark (ZBL) model calculatiorisand differences are ob- any nonlinear energy response of the detector system for
served. The present stopping data can be fitted to an empilsoron-ion beams.
cal formula. To extract stopping powers from the energy loss data, the
area densities of the foils were determined from the energy
Il. EXPERIMENT loss of 3.6—4.2 MeVu particles in the foils. Ther energy

The experimental arrangement was similar to that de!OSS was measured by using the same geometry and at the

scribed in a previous pap@iThe boron ion beams were ob- same spot on the foils as the borqn-ion energy loss. Fgr Cu,
tained from the 1.7 MV tandem accelerator at Peking UniA9: and Al, thea-stopping data given by Andersatal”
versity. For measuring boron-ion energy loss in C, Al, Cu,Were used; the error of the data was less than 1%. For C, Ti,

and Ag, a 150 nm thick gold layer on a silicon substrate wagind NDb, thea-stopping data were taken from the Ziegler-
used to scatter the ions incident from the accelerator. FoBiersack-Littmark calculatiorfswhich had high accuracy in
measurements in Ti and Nb, the scatterer was a thin golthe higher energy region; the error of the data was less than
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TABLE I. A Stopping powers for'B ions in C, Al, Ti, Cu, Nb,  3%. The foils studied were analyzed by using 2 MeV

and Ag (MeV cnf/mg). Rutherford backscattering spectroscopy and 3.05 MeV
resonance scattering. No obvious impurities were found in
Carbon Aluminum Titanium the foils.
E E E
(MeV) Se Se-ZBL (MeV) Se Se-ZBL (MeV) Se Se-ZBL . RESULTS AND DISCUSSION
520 559 539 520 369 376 511 3.86 3.32 A. Stopping power

488 556 545 488 3.63 376 478 390 334  The stopping power is usually treated as the sum of the
454 587 552 455 373 376 4.46 3.94 3.36 independent components, the nuclear part and the electronic
422 587 558 424 367 376 413 391 3.37 part. Sothe experimental stopping povi&gy, can be written
389 592 564 391 369 374 373 396 338 as follows:

356 589 572 357 371 373 349 391 3.39

332 597 5.78 3.34 369 3.73 3.24 392 341

3.08 590 5.85 3.10 3.62 3.72 3.00 387 341 SEXP:S"+SE' @

2.84 593 590 287 362 371 277 384 341

259 589 595 262 355 369 253 375 340 S, /S is small and always less than 1% for 0.5 MeV boron
236 578 597 238 354 366 229 371 3.38 j,.q passing through the Ag target and is smaller in all other
212 569 597 214 353 363 206 3.60 3.33 cases. In order to compare experimental results with theoret-
188 566 592 190 350 358 182 352 3.26 jcal calculations, the experimentdy,, values were corrected
164 550 581 166 348 352 159 3.38 3.16 to give S,. For this correction, the nucled&; values were
141 536 5.62 141 349 343 1.44 3.30 3.08 taken from ZBL.
118 518 532 118 335 332 129 320 297 The present stopping power results are shown in Table |
1.03 488 505 102 326 320 113 3.10 2.82 andFig. 1. Each value is given at the average energy, i.e., the
0.88 4.60 471 088 3.04 3.07 099 296 =266 initial energy minus half the observed energy shift. The un-
073 424 429 073 284 289 084 280 246 certamty of our stopping data_l is about 3%, which mamly
060 372 386 059 256 267 070 260 223 consists of the_ error of determlnlng_the thickness of foils and
048 307 340 048 209 245 056 236 197 the energy shift o_f the backscattering spectra from the gold
layer. For comparison, the ZBL calculatidrese also shown.
043 207 169 From Fig. 1 we can see that fotB ions in Al, the present
Copper Niobium Silver measurements are generally consistent with the ZBL calcu-
lations. However, for the other five stoppers, significant dif-
E E E ferences are found. The present results are systematically
(MeV) Se Se-ZBL (MeV) Se Se-ZBL (MeV) Se Se-ZBL  hjigher than the ZBL semiempirical values for Ag, Nb, and
503 263 242 504 265 245 503 238 204 .C“tr:"ater{ial"s at energies abcl’:ve tthev S”d ffo.'; the dTi stopper
in the whole energy region. For the carbon foil, and energies
4ql 259 241 471 268 246 472 232 204 pan 01025 MgeyV tﬁe ZBL values are higher than OL?rs,
440 258 239 439 267 246 440 230 204 \hje g higher energies between 3.5-5.2 MeV the ZBL pre-
408 254 237 406 266 246 408 227 204 (jctions are lower. It should be noted that in our energy
369 248 233 366 269 245 368 224 2.02 range, no previous experimental data exist to our knowledge
345 241 231 342 266 245 3.44 220 2.02 for boron ions in these six stoppers.
321 242 229 318 264 244 322 216 200 To quantify the energy dependence of the measured stop-
297 235 226 294 260 243 297 212 1.98 ping powers, the experimental electronic stopping data have
275 229 223 270 256 242 274 209 1.95 been adjusted to the following empirical formula

250 227 219 246 254 239 251 204 1.92
228 220 214 222 251 236 227 200 1.88

204 210 2.08 199 244 232 204 189 1.82 S=—— 1 .

1.83 201 201 177 233 227 183 181 176 a,E "tt+aytazE™, 2

1.59 194 191 1.54 224 2.19 1.60 1.73 167 wherea;, a,, as, by, andb, are the fitted coefficients,
145 182 184 139 218 213 145 162 160 \yhich are listed in Table Il. The unit of MeV c%)hrng is

129 179 175 124 207 205 130 157 1.3 taken forS, and that of MeV forE. The fitted curves are
116 162 1.66 1.10 198 1.97 116 1.46 1.45 shown in F|g 1 as well.

096 182 1.86
0.82 172 174
0.69 156 1.60
055 140 1.43
043 120 1.26

The ratio of nuclearS, to electronicS, stopping value

B. Effective charge

ZBL semiempirical stopping values for heavy ions are
based on a scaling law that relates the electronic stopping
power of heavy ion$§,,, to that of protonsS; at the same ion
velocity:
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FIG. 1. Stopping power fot'B in C (a), Al (b), Ti (c), Cu(d), Nb (e), and Ag(f).
SH|=(ZH|9/Zpe)25p=Zﬁ|25p ©) pared with the ZBL calculations. Our data display a strong

. i . Z, oscillation at low energies that becomes weaker for
whereZy,e represents the effective charge of the heavy iomigher energy boron ions. At lower energy, the ZBL predic-
as it slows down in the stopping medium, adge is the  tions reproduce the experimental results rather well. At

charge of a proton. In this approach, it is assumed that effeqigher energies the ZBL calculations lie below our data for
tive charge is independent of the stopping medium, and denjgherz, values.

pendent only on the boron-ion energy. The curve for effec-
tive charge versus energy of boron ions from the ZBL TABLE Il Fitted coefficients of''B electronic stopping power.
predictions are compared with our experimental results in

Fig. 2. Clearly our measurements of the effective charge fopample b, b,  a; ay ag fitting range(MeV)
boron ions depends on the stopping medium. This is similag 15 1.0 00592 0.1411 00058 0.48-5 20
to the results that Santry and Werfiérobserved for the | 0.6 0.1 02060 —0.3737 04842 0.48_5.20
stopping powers of Li, *C, N, 10, and ™ ions. Ti 07 10 01854 01411 00109  0.43-511
C. Z,, oscillation Tu 0.5 0.1 0.9248-1.6878 1.4114 1.16-5.03
Nb 0.6 0.3 0.5596—-0.3383 0.3094 0.43-5.04
The dependence of the present electronic stopping data oty 0.5 0.1 1.1562 —2.3246 1.9029 1.16-5.03

the target atomic numbet, is depicted in Fig. 3 and com-
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FIG. 2. Comparison of effective charge versus energy between FIG. 3. Dependence dfB S, on Z,.

present data and ZBL approaches.

. . been shown in a lower energy and the oscillation behavior
In conclusion, we present stopping power data for MeVpecomes weaker for higher energy boron ions.
boron ions in six targets witd, between 6 and 47. The data

are compared with the predictions of the ZBL semiempirical ACKNOWLEDGMENTS
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