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Total charge-changing and partial cross-section measurements in the reactions
of È110– 250 MeVÕnucleon 12C in carbon, paraffin, and water
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Total charge-changing cross sections and cross sections for the production of B and Be fragments were
directly measured for reactions induced by;110–250 MeV/nucleon12C ions in C, CH2, and H2O targets.
Etched track detector~CR-3! was used, together with an automatic track measuring system and a track
matching algorithm, to count and to identify the primary and secondary particles. A comparison of the present
data and of previously measured cross sections with model predictions is carried out. For the total charge-
changing cross section, a model developed at NASA gives the best agreement with the present results~about
3% on the average!. However, for the production of fragments, the results of models deviate on average for all
systems studied by 9–58 % from the data presented in this work forZ55 and by 5–47 % forZ54. The model
known as NUCFRG2 is the most reliable in giving the closest values for fragmentation cross sections, 9 and
5% for B and Be fragments, respectively, for the systems studied in this work.
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I. INTRODUCTION

A precise knowledge of ion beam transport in matter is
great interest in many aspects of fundamental and app
science. One basic value is the total charge-changing c
section (sTCC) that is dominated by the total cross secti
(sT) and is defined as

sTCC5sT2sel2snr , ~1!

wheresel is the elastic cross section andsnr is the neutron-
removal cross section. The total reaction cross sectio
sR5sT2sel . Another basic parameter is the partial cro
section (sPCC) for the production of projectilelike fragments
These fragments carry a lower nuclear charge than the
mary beam, but have nearly the same velocity. Knowledg
sTCC and sPCC with good accuracy is essential for man
research areas including astrophysics, cosmic ray prop
tion, radiation protection of man in space@1,2#, and clinical
treatment of cancer@3,4#. However, there are still significan
discrepancies between the cross sections predicted by m
and experimental data. Carbon ions are one of the m
abundant components in galactic cosmic rays and they pl
special role in radiation therapy which is currently perform
in the clinical centers of Gesellschaft fu¨r Schwerionen-
forschchung~Darmstadt, Germany! and the National Insti-
tute of Radiological Sciences~NIRS, Chiba, Japan!. In this
paper experimental results for total and partial char
changing cross sections obtained for incident12C ions at
;110–250 MeV/nucleon and targets made of carbon, p
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affin, and water are presented. These results were comp
with the data available from previous measurements
model predictions.

II. EXPERIMENTS

Three stacks made of CR-39 track-etch detector~Inter-
cast, Parma, Italy! and thick carbon, paraffin, and water ta
gets were perpendicularly exposed to a12C beam of initial
energy of 275 MeV/nucleon in the biology port of th
HIMAC facility ~NIRS!. Each stack corresponded to a give
target material~C, CH2, and H2O). The water targets were
closed cells made of 3 mm thick Plexiglass walls on t
external sides of which two detector plates were glued. O
wall had a small hole into which distilled water was inject
by a syringe. Table I shows in detail the energy intervals a
thicknesses of the targets used in the present work (Ein and
Eout denote the energies of carbon particles calculated
front of and behind a specific target!. The detector plates
were ;600 mm in thickness interleaved with the target
Both the detectors and the targets were;434 cm2 in area.
One detector plate was placed in front of the stack to mon
the primary beam and the accompanying particles~produced
in materials preceding the stack!. The fragments produced in
the targets were measured all along the stacks, together
the primary ions and accompanying particles. In fact, t
detector plates were put in between neighboring target
increase the accuracy of track measurements. The numb
measured particles impinging on the stack was;33104 dis-
persed over the active detector area of;10 cm2. Chemical
©2002 The American Physical Society09-1
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TABLE I. Energy intervals and thicknesses of targets used in the present work.

C1C C1CH2 C1H2O

Ein2Eout

~MeV/nucleon!
Target thickness

~mm!
Ein2Eout

~MeV/nucleon!
Target thickness

~mm!
Ein2Eout

~MeV/nucleon!
Target thickness

~mm!

274–234 21.0 274–222 44.0 274–208 55.0
234–190 20.5 248–192 44.0 205–145 40.0
212–136 31.3 221–159 43.7 143–83 30.0
146–78 20.7 191–121 43.9

158–70 43.7
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etching~7 M NaOH, 80°C, 14 h! was applied to the detecto
sheets to develop latent tracks. Then the tracks were sca
by a microscope connected to an automatic measuring
tem @5#. After automatic counting and measurement of t
parameters of the tracks~including the average brightnes
positions on the detector sheet, minor and major axes,!
the tracks originating from primary and secondary partic
were matched@6# on the upper and bottom surface of ea
detector sheet. This procedure allowed us to exclude f
the subsequent analysis unwanted events like bubbles,
sible targetlike fragments, radon-induced tracks, and prim
particles that underwent fragmentation in materials prec
ing the stack and in the body of the detector. In such
experiment and for the energy interval covered
(;110–250 MeV/nucleon) the charge resolution (1s) var-
ied from less than 0.1–0.3 elementary charge units, dep
ing on the particle detected~primary or secondary! and on its
penetration depth in the body of the stack. The higher
charge of the particle and the shorter its penetration depth
better is the resolution and vice versa. Figures 1 and 2 s
typical spectra of tracks measured after carbon ions pa
through a 2.2 cm thick paraffin and a 5.5 cm thick wa
target, respectively. The energy losses and ranges of pr
ries and fragments could not be directly measured in
experiment. Therefore, they were calculated using a c
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after Benton and Henke@7# which was found to be accurat
enough for carbon ions@8#.

III. RESULTS

A. Total charge-changing cross sections

The total charge-changing cross sectionssTCC were ob-
tained from the numbers of matched tracks correspondin
the peaks of carbon, measured in the active detector are
front of (NC, in) and behind (NC, out) a given target. The con
ventional exponential function is valid for the systems stu
ied here with good accuracy, and is given as~see also Ap-
pendix A!

NC, out5NC, ine
2(NArsTCCx)/M, ~2!

whereNA , r, x, andM are, respectively, the Avogadro num
ber, the density and the thickness of the target, and its ato
or molecular mass. That is in the case of C target the cr
section is per nucleus and that for CH2 and H2O targets is
per molecule. The total charge-changing cross section is
ily derived from Eq.~2!. Figures 3 and 4 present the gene
behavior of the total charge-changing cross secti
(sTCC, exp) obtained in this work in comparison with prev
ous experimental results@9–13# for all the systems studied
th
e

s

FIG. 1. Track spectrum measured at a dep
of 2.2 cm in the paraffin stack. The energy of th
beam at the exit of the target i
;253 MeV/nucleon.
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FIG. 2. Track spectrum measured at
depth of 5.5 cm in the water stack. The ener
of the beam at the exit of the target
;207 MeV/nucleon.
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3%,
here, and those calculated according to two mod
(sTCC, mod) @14,15# for a paraffin target. The latter mode
account for the energy dependence of the cross section in
considered energy region. Correspondingly, Tables II–
give all the values ofsTCC, expmeasured here, those availab
from prior experiments@9–13# and those obtained from th
two models@14,15#. Note that the reaction cross sectio
from the models were corrected by subtraction of the ca
lated neutron-removal cross sections according to Sih
et al. @14#. We estimated that even if modeledsnr differ by
50% from that of experiment~i.e. ‘‘real snr’’ ! @17# this would
lead to the error insTCC,mod @14,15# of ;4%. The energy
values~E! in each table are averages of those in front of a
behind the target, while the values in parentheses are de
tions from these averages. The errors insTCC obtained in this
work are statistical only and are given in parentheses in
second column from the left. The errors insTCC values of
previous experiments were taken from the corresponding
erences. The percentages given in brackets in the last
01460
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columns of each table are deviations (D) of the present mea
surements from the model calculations. They are defined
follows:

D5
sTCC, exp2sTCC, mod

sTCC, exp
. ~3!

Note thatsTCC, mod are averages inside the target calc
lated as

sTCC, mod5
1

Ein2Eout
E

Eout

Ein
sTCC, mod~E!dE. ~4!

One can see in Figs. 3 and 4 and Tables II–IV that, exc
for a few results, the values ofsTCC measured here and th
results obtained by other groups are consistent within exp
mental errors. Even when this is not the case, the disag
ment is rather small. The semiempirical model reported
Ref. @14# underestimates the present results by 9.9%, 12.
ns

s
he
n

FIG. 3. Total charge-changing cross sectio
(sTCC, exp) obtained in this work in comparison
with prior experimental results for the system
studied. Lines that cross the points indicate t
energy of the beam in front of and behind a give
target.
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FIG. 4. Total charge-changing cross sectio
(sTCC, exp) obtained here and those calculated a
cording to two models for a paraffin target. Line
parallel to X axis are identical to those of Fig. 3
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and 9.7% on the average for C, CH2, and H2O targets, re-
spectively. The empirical model developed at NASA@15#
gives results that are closest to the measurements. The d
tions of the present experimental results from the model
culations are 1.9%, 4.0%, and 2.4% for C, CH2, and H2O
targets.

B. Partial cross sections for the production
of projectilelike fragments

Use of thick targets~for production of a statistically rel-
evant number of secondary particles! implies that the frag-
mentation of fragments must be taken into account. P
et al. derived a formula@16# applicable for a thick target
assuming that the number of fragments is zero in front of
target and that the total charge-changing cross sections
equal for the primary and secondary particles. Moreov
they estimated that even ifsTCC values differed by as much
as 50%, the formula would be correct to within 10%. In t
present case, using stacks composed of many detectors
targets, the number of fragments can be large in front of e
target. Therefore, the correction to the formula given in R
@16# was made. It accounts for the number of fragments
front of the target but still assumes that thesTCC values are
equal for the primaries and secondaries. Indeed, it has b
shown experimentally@9# and theoretically@15# that the dif-
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ference in thesesTCC values for C, B, and Be is negligibly
low. Finally, the partial cross section is expressed by~see
also Appendix B!

sPCC5S NF, out

NC, out
2

NF, in

NC, in
D M

NArx
, ~5!

whereNF, out and NF, in are the numbers of fragments me
sured behind the target and in front of it, respectively. T
partial cross sections obtained in this work and in previo
experiments~the C beams on the targets used here and
viously are of nearly the same beam energies! @11–13,17#,
and the predictions of different models@14,18–20# are given
in Tables V–VII. The presentation of Tables V–VII is iden
tical to that of Tables II–IV. The only difference is the pre
ence of aDZ column that gives the charge-loss, i.e., t
charge difference between projectile and fragment~1 for a B
and 2 for a Be fragment!. Note also that thesPCC, modvalues
now correspond tosPCC, mod(E), since the partial cross
section dependence on energy is weak. In all cases, the
ues ofsPCC, modwere obtained by summing up for all detec
able isotopes withA511, 10, 8 forZ55 andA510, 9, 7 for
Z54. ThesPCC, modvalues given in the second column fro
the right~Ref. @19#! are independent of the projectile energ
in the region of;40–1000 MeV/nucleon. There are no
many experimental data concerning carbon ions in the
TABLE II. Total charge-changing cross sections from the C1C experiment (sTCC, exp) and model pre-
dictions (sTCC, mod).

E
~MeV/nucleon!

sTCC, exp ~mb! sTCC, mod ~mb!

This work Ref.@9# Ref. @10# Ref. @14# Ref. @15#

254 ~20! 785 ~43! 716 @8.8%# 779 @0.8%#

212 ~22! 813 ~47! 748 ~10! 730 ~28! 703 @13.5%# 784 @3.6%#

174 ~38! 804 ~32! 706 @12.2%# 798 @0.7%#

112 ~34! 835 ~51! 893 ~12! 793 @5.0%# 855 @22.4%#
9-4



the
of

ental

TOTAL CHARGE-CHANGING AND PARTIAL CROSS- . . . PHYSICAL REVIEW C 66, 014609 ~2002!
TABLE III. Total charge-changing cross sections from the C1CH2 experiment (sTCC, exp) and model
predictions (sTCC, mod).

E
~MeV/nucleon!

sTCC, exp ~mb! sTCC, mod ~mb!

This work Ref.@9# Ref. @11# Ref. @12# Ref. @14# Ref. @15#

248 ~26! 1158 ~49! 1075 ~11! 1050 @9.3%# 1123 @3.0%#

220 ~28! 1124 ~52! 1046 ~61! 1036 @7.8%# 1128 @20.4%#

190 ~31! 1167 ~55! 1027 @12.0%# 1139 @2.4%#

156 ~35! 1206 ~57! 1157 ~19! 1036 @14.1%# 1167 @3.2%#

114 ~44! 1404 ~62! 1273 ~122! 1145 @18.4%# 1247 @11.2%#

TABLE IV. Total charge-changing cross sections from the C1H2O experiment (sTCC, exp) and model
predictions (sTCC, mod).

E
~MeV/nucleon!

sTCC, exp ~mb! sTCC, mod ~mb!

This work Ref.@9# Ref. @12# Ref. @13# Ref. @14# Ref. @15#

241 ~33! 1191 ~35! 1205 ~34! 1163 ~13! 1316 ~105!a 1136 @4.6%# 1243 @24.4%#

175 ~30! 1285 ~37! 1264 ~16! 1303 ~20! 1115 @13.2%# 1266 @1.5%#

113 ~30! 1376 ~52! 1219 @11.4%# 1359 @1.2%#

aThe value ofsTCC, exp and its error given in the fourth column from the left were estimated from
fragment yields~the number of fragments with a givenZ produced in the target normalized to that
incoming beam particles! and their experimental uncertainties.

TABLE V. Partial charge-changing cross sections from the C1C experiment (sPCC, exp) and model
predictions (sPCC, mod).

E
~MeV/nucleon! DZ

sPCC, exp~mb! sPCC, mod~mb!

This work Ref.@17# Ref. @14# Ref. @18# Ref. @19# Ref. @20#

254 ~20! 1 117 ~5! 117 ~4!a 127 104 50 117
2 40 ~3! 39 ~10!a 54 20 32 38

212 ~22! 1 116 ~9! 129 102 118
2 41 ~5! 56 21 38

174 ~38! 1 122 ~8! 130 102 119
2 44 ~5! 59 22 39

112 ~34! 1 143 ~14! 144 112 121

aThe errors given in the fourth column from the left are square roots of quadratic sums of experim
uncertainties for each measured isotope, i.e., 12, 11, 10, 8 (DZ51) and 11, 10, 9, 7 (DZ52).
014609-5
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TABLE VI. Partial charge-changing cross sections from the C1CH2 experiment (sPCC, exp) and model
predictions (sPCC, mod).

E
~MeV/nucleon! DZ

sPCC, exp~mb! sPCC, mod~mb!

This work Ref.@11# Ref. @14# Ref. @18# Ref. @19# Ref. @20#

248 ~26! 1 214 ~8! 242 233 92 257
2 74 ~5! 105 53 58 77

220 ~28! 1 205 ~11! 242 234 255
2 81 ~7! 112 55 77

190 ~31! 1 206 ~14! 242 236 253
2 80 ~8! 119 56 77

156 ~35! 1 236 ~17! 245 239 254
2 80 ~10! 129 56 77

114 ~44! 1 253 ~21! 233 ~34! 266 247 261
ts
re
ex

th
m
rre
th
n
e
e
v-
or
nc

4
th

ra
e

ng
e
th

cy
on
ec-

c-
ents
to
od-
ntly

A
he
an-

No.
and
as
-

es
de-
ergy interval of;110–250 MeV/nucleon and light targe
like C, CH2, and H2O. Those data available in the literatu
agree with our results within experimental uncertainties
cept for one case, which corresponds toDZ52 produced in
the reaction of 175 (30) MeV/nucleon C1water @13#. A
possible reason for this disagreement could be the fact
in Ref. @13# the tracks were not matched, and therefore so
background events could have been added to the co
number of fragments. Figure 5 shows the deviation of
measuredsPCC values from the model predictions. It is see
that for the systems investigated in this work, the clos
values ofsPCC, modfor DZ51 and 2 are obtained from th
NUCFRG2 model@20#. These calculations deviate on an a
erage from the present measurements by only 9 and 5% f
and Be fragments, respectively. Finally, a large discrepa
between our results and the model calculations@14,19# for
two and one charge loss is observed and, amounts to
58 %, respectively, on average for all the systems used in
work.

IV. CONCLUSIONS

The present method, which uses solid state nuclear t
detectors, is a good alternative to electronic detector exp
ments in providing results that help to improve existi
nuclear data bases. The measured cross sections pres
here give a realistic picture of the phenomena involved in
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transport of light ions through light materials. The accura
of these values is sufficient to enable a valid comparis
with existing models. The total charge-changing cross s
tions are in a very good agreement (;3%) with the model
of Tripathi et al. @15#. The fragment production cross se
tions measured here agree with the previous experim
within experimental error but differences ranging from 5
60% appear in the corresponding values from various m
els. These differences indicate that the models prese
available could be improved.
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APPENDIX A

Concerning Eq.~2! it should be noted there are no loss
of desired events due to scattering outside of the active
the
TABLE VII. Partial charge-changing cross sections from the C1H2O experiment (sPCC, exp) and model
predictions (sPCC, mod).

E
~MeV/nucleon! DZ

sPCC, exp~mb! sPCC, mod~mb!

This work Ref.@12# Ref. @13# Ref. @14# Ref. @18# Ref. @19# Ref. @20#

241 ~33! 1 210 ~6! 202 ~11!a 254 241 97 212
2 84 ~4! 100 ~21!a 117 55 61 77

175 ~30! 1 225 ~10! 232 ~21! 255 243 208
2 76 ~6! 115 ~18! 133 57 76

113 ~30! 1 231 ~17! 268 248 215

aThe values ofsPCC, expand their errors shown in the fourth column from the left were estimated from
fragment yields and their uncertainties, respectively.
9-6
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tector area since it is smaller~by a factor of;1.6) than both
the target and the detector. Furthermore the beam den
remains almost constant over the whole detector area.
means that the number of particles deflected out of the ac
area is compensated by an equivalent number of parti
deflected into it. We also detect particles that lose neutr

FIG. 5. Deviation of the presently measured cross sections
the production of fragments from those of the studied models.
t

m

s
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but we cannot distinguish them from the original12C par-
ticles. The ratio of the cross section for production of10C
and 11C isotopes~taken directly from the experiment@17#! to
the total charge-changing cross section of12C on 12C target
at 250 MeV/nucleon@17,15# is less than 8%. Moreover, an
very importantly, the estimations of the total charg
changing cross section of10C and 11C particles at 250 and
110 MeV/nucleon on same target according to two mod
@14,15# differ, as maximum, from that of12C by 3.2% and
1.2% ~at 250 MeV/nucleon!, and by 2.7% and 0.8%~at 110
MeV/nucleon!. Thus, Eq. ~2! is considered to be correc
within a few percent in the entire energy region covered
this work.

APPENDIX B

The derivation of the partial cross section,sF , follows the
assumptions given in Ref.@16# but additionally assumes tha
fragments exist in front of the target, as discussed in S
III B. The target starts atx50, where we haveN0(0) of
primary ions andNF(0) of fragments of given charge. Fo
thick targets we cannot ignore the loss of fragments due
secondary fragmentation but we do ignore the production
fragments of givenZ from other fragments. We furthe
assume the same total charge-changing cross section
primary ions and fragments. The number of primary io
decays exponentially as

N0~x!5N0~0!e2(NArsx)/M, ~B1!

whereNA , r, andM were defined earlier in the article ands
is the total charge-changing cross section for the prim
ions. The change in number of fragmentsNF(x) per unit
thickness is expressed as

dNF~x!

dx
5

NArsF

M
N0~x!2

NArs1

M
NF~x!, ~B2!

where s1 is the total charge-changing cross section for
given fragment. By inserting Eq.~B1! into Eq. ~B2! and
solving the differential equation we get

or
NF~x!5
e2(NArsx)/M$2N0~0!sF1e[NAr(s2s1)x]/ M@NF~0!~s2s1!1N0~0!sF#%

s2s1
. ~B3!
e
For the case wheres's1, we make expansion to the firs
order of the Taylor series and the Equation~B3! simplifies to

NF~x!5S NF~0!1
NArsFxN0~0!

M De2(NArsx)/M. ~B4!

It can be mentioned that with the typical values of para
eters and variables in our equations (r51 g/cm3,
x55.5 cm,s5800 mb,sF5100 mb) number of fragment
NF(x) does not change by more than62% if s1 is within
-

20% of s. This is so for the thickest target of 55 mm, th
difference is even smaller for thinner targets.

Finally, by taking into account Eq.~B1! the partial cross
section is given by

sF5S NF~x!

N0~x!
2

NF~0!

N0~0! D M

NArx
, ~B5!

where only measured quantities and constants appear.
9-7
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