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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 by110—250 MeV/nucleon'’C ions in C, CH, and HO targets.
Etched track detectofCR-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 preseitabestlts
3% on the averageHowever, 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 woik=fdF and by 5—-47 % foZ =4. The model
known as NUCFRG?2 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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[. INTRODUCTION affin, and water are presented. These results were compared
with the data available from previous measurements and
A precise knowledge of ion beam transport in matter is ofmodel predictions.
great interest in many aspects of fundamental and applied
science. One basic value is the total charge-changing cross Il. EXPERIMENTS

section rco) that is dominated by the total cross section
(o) and is defined as Three stacks made of CR-39 track-etch detectoter-

cast, Parma, Itajyand thick carbon, paraffin, and water tar-
O1cc=01— O~ Tpr (1) gets were perpendicularly exposed td*% beam of initial

energy of 275 MeV/nucleon in the biology port of the
whereo is the elastic cross section ang, is the neutron- HIMAC facility (NIRS). Each stack corresponded to a given
removal cross section. The total reaction cross section ifarget materialC, CH,, and HO). The water targets were
or= 01— 0¢. Another basic parameter is the partial crossclosed cells made of 3 mm thick Plexiglass walls on the
section Epco for the production of projectilelike fragments. external sides of which two detector plates were glued. One
These fragments carry a lower nuclear charge than the privall had a small hole into which distilled water was injected
mary beam, but have nearly the same velocity. Knowledge dby a syringe. Table | shows in detail the energy intervals and
orcc and opec With good accuracy is essential for many thicknesses of the targets used in the present wirkgnd
research areas including astrophysics, cosmic ray propagé&,, denote the energies of carbon particles calculated in
tion, radiation protection of man in spafk 2], and clinical  front of and behind a specific targefThe detector plates
treatment of cancdi3,4]. However, there are still significant were ~600 wm in thickness interleaved with the targets.
discrepancies between the cross sections predicted by mod@sth the detectors and the targets werdx4 cn? in area.
and experimental data. Carbon ions are one of the mosDne detector plate was placed in front of the stack to monitor
abundant components in galactic cosmic rays and they playthe primary beam and the accompanying parti¢sduced
special role in radiation therapy which is currently performedin materials preceding the stack he fragments produced in
in the clinical centers of Gesellschafirfuschwerionen- the targets were measured all along the stacks, together with
forschchung(Darmstadt, Germanyand the National Insti- the primary ions and accompanying particles. In fact, two
tute of Radiological ScienceNIRS, Chiba, Japanin this  detector plates were put in between neighboring targets to
paper experimental results for total and partial chargeincrease the accuracy of track measurements. The number of
changing cross sections obtained for incidéAt ions at measured particles impinging on the stack wax 10* dis-
~110-250 MeV/nucleon and targets made of carbon, pampersed over the active detector area~af0 cn?. Chemical
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TABLE |. Energy intervals and thicknesses of targets used in the present work.

C+C C+CH, C+H,0
Ein— Eout Target thickness Ein—Eout Target thickness Ein—Eout Target thickness
(MeV/nucleon (mm) (MeV/nucleon (mm) (MeV/nucleon (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

etching(7 M NaOH, 80°C, 14 hwas applied to the detector after Benton and Henke/] which was found to be accurate
sheets to develop latent tracks. Then the tracks were scannegough for carbon ioni8].

by a microscope connected to an automatic measuring sys-

tem [5]. After automatic counting and measurement of the . RESULTS

parameters of the track@ncluding the average brightness,
positions on the detector sheet, minor and major axes, etc.
the tracks originating from primary and secondary particles The total charge-changing cross sectieng.c were ob-
were matched6] on the upper and bottom surface of eachtained from the numbers of matched tracks corresponding to
detector sheet. This procedure allowed us to exclude frorthe peaks of carbon, measured in the active detector areas in
the subsequent analysis unwanted events like bubbles, pogont of (Ng,in) and behind Kl o) a given target. The con-
sible targetlike fragments, radon-induced tracks, and primaryentional exponential function is valid for the systems stud-
particles that underwent fragmentation in materials precedied here with good accuracy, and is given(ase also Ap-

ing the stack and in the body of the detector. In such arpendix A)

experiment and for the energy interval covered

(~110-250 MeV/nucleon) the charge resolutiorr{lvar- Nc, ou= Nc, in
ied from less than 0.1-0.3 elementary charge units, depend-

ing on the particle detectdgrimary or secondajyand on its  whereN,, p, X, andM are, respectively, the Avogadro num-
penetration depth in the body of the stack. The higher thder, the density and the thickness of the target, and its atomic
charge of the particle and the shorter its penetration depth ther molecular mass. That is in the case of C target the cross
better is the resolution and vice versa. Figures 1 and 2 shogection is per nucleus and that for gldnd H,O targets is
typical spectra of tracks measured after carbon ions passguer molecule. The total charge-changing cross section is eas-
through a 2.2 cm thick paraffin and a 5.5 cm thick waterily derived from Eq.(2). Figures 3 and 4 present the general
target, respectively. The energy losses and ranges of priméiehavior of the total charge-changing cross sections
ries and fragments could not be directly measured in thiforcc exp Obtained in this work in comparison with previ-
experiment. Therefore, they were calculated using a codeus experimental resul{f®—13] for all the systems studied

A. Total charge-changing cross sections
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here, and those calculated according to two modelgolumns of each table are deviations)(of the present mea-
(01cc, mod [14,19 for a paraffin target. The latter models surements from the model calculations. They are defined as
account for the energy dependence of the cross section in tiiellows:

considered energy region. Correspondingly, Tables II-IV

give all the values ofrrcc, expmeasured here, those available A= JTCe, exp ITCC, mod 3)

from prior experiment$9—-13] and those obtained from the
two models[14,15. Note that the reaction cross sections
from the models were corrected by subtraction of the calcu- Note thatorcc mog @re averages inside the target calcu-
lated neutron-removal cross sections according to Sihveated as
et al. [14]. We estimated that even if modeled, differ by

50% from that of experiment.e. “real o,," ) [17] this would

lead to the error inrrce mod [14,19 of ~4%. The energy

values(E) in each table are averages of those in front of and

behind the target, while the values in parentheses are devia- One can see in Figs. 3 and 4 and Tables II-1V that, except
tions from these averages. The errorgrigc obtained in this  for a few results, the values @frcc measured here and the
work are statistical only and are given in parentheses in theesults obtained by other groups are consistent within experi-
second column from the left. The errors iy values of mental errors. Even when this is not the case, the disagree-
previous experiments were taken from the corresponding reiment is rather small. The semiempirical model reported in
erences. The percentages given in brackets in the last twiRef.[14] underestimates the present results by 9.9%, 12.3%,

JT1CC, exp

Ein

1
ortce, mod-E__E_ f orce, mod E)AE. (4)
in outJ E

out
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FIG. 3. Total charge-changing cross sections
(0rce, exp Obtained in this work in comparison
with prior experimental results for the systems
studied. Lines that cross the points indicate the
energy of the beam in front of and behind a given
target.
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and 9.7% on the average for C, gtand HO targets, re- ference in thesercc values for C, B, and Be is negligibly
spectively. The empirical model developed at NAEKS] low. Finally, the partial cross section is expressed(bge
gives results that are closest to the measurements. The deviso Appendix B

tions of the present experimental results from the model cal-

culations are 1.9%, 4.0%, and 2.4% for C, {tnd HO _( NE, out NE, in) M
targets. “PCCT I Ne. out Ne i) Napx'’

®)

where Ng o, and Ng i, are the numbers of fragments mea-
sured behind the target and in front of it, respectively. The
partial cross sections obtained in this work and in previous
Use of thick targetgfor production of a statistically rel- experimentgthe C beams on the targets used here and pre-
evant number of secondary partiglésiplies that the frag- Vviously are of nearly the same beam energjd4-13,117,
mentation of fragments must be taken into account. Pric&nd the predictions of different modégs4,18—-2Q are given
et al. derived a formula16] applicable for a thick target, in Tables V-VII. The presentation of Tables V-VII is iden-
assuming that the number of fragments is zero in front of thdical to that of Tables II-IV. The only difference is the pres-
target and that the total charge-changing cross sections ae@ce of aAZ column that gives the charge-loss, i.e., the
equal for the primary and secondary particles. Moreovercharge difference between projectile and fragmiérfor a B
they estimated that even if;c¢ values differed by as much and 2 for a Be fragmentNote also that therpcc, mogvalues
as 50%, the formula would be correct to within 10%. In thenow correspond toopcc modE), Since the partial cross-
present case, using stacks composed of many detectors aselction dependence on energy is weak. In all cases, the val-
targets, the number of fragments can be large in front of eaches ofopcc, mogWere obtained by summing up for all detect-
target. Therefore, the correction to the formula given in Refable isotopes witth=11, 10, 8 forZ=5 andA=10, 9, 7 for
[16] was made. It accounts for the number of fragments inZ=4. Theopcc, mogvalues given in the second column from
front of the target but still assumes that thie-c values are the right(Ref.[19]) are independent of the projectile energy
equal for the primaries and secondaries. Indeed, it has beén the region of ~40-1000 MeV/nucleon. There are not
shown experimentally9] and theoretically 15] that the dif- many experimental data concerning carbon ions in the en-

B. Partial cross sections for the production
of projectilelike fragments

TABLE Il. Total charge-changing cross sections from therC experiment §rcc, ex) @and model pre-
dictions (rcc, mod -

E JTCC, exp (mb) JTce, mod (mb)
(MeV/nucleon 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 [12.294 798 [0.7%]
112 (34) 835 (51) 893(12) 793 [5.0%) 855 [—2.4%)
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TABLE lIl. Total charge-changing cross sections from thetCH, experiment grcc, ex) and model
predictions ¢rcc, mod -

E JTCC, exp (mb) Trec, mod (M)
(MeV/nucleon  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[—0.4%)
190 (31) 1167 (55 1027 [12.0% 1139 [2.4%)
156 (35 1206(57) 1157(19 1036 [14.19% 1167 [3.2%]
114 (44) 1404 (62) 1273(122) 1145 [18.4% 1247 [11.29%

TABLE IV. Total charge-changing cross sections from thet+@l,0 experiment §rcc, ex) and model
predictions ¢rcc, mod -

£ JT1CC, exp (mb) I1cC, mod (MD)
(MeV/nucleon This work Ref.[9] Ref.[12] Ref.[13] Ref. [14] Ref.[15]
241(33 1191(35 1205(34) 1163(13) 1316(1052 1136 [4.6%] 1243 [—4.4%)|
175 (30) 1285(37) 1264(16) 1303(20) 1115[13.299 1266 [1.5%)]
113(30)  1376(52) 1219 [11.4%9 1359 [1.2%]

®The value oforcc, exp @and its error given in the fourth column from the left were estimated from the
fragment yields(the number of fragments with a gives produced in the target normalized to that of
incoming beam particlesand their experimental uncertainties.

TABLE V. Partial charge-changing cross sections from ther C experiment §pcc ex) and model
predictions ¢pcc, mod -

£ Tpcc, exp(Mb) Tpcc, mod(Mb)
(MeV/nucleon AZ This work Ref.[17] Ref. [14] Ref.[18] Ref.[19] Ref.[20]
254 (20) 1 117 (5 117 (4)? 127 104 50 117
2 40 (3) 39 (102 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

#The errors given in the fourth column from the left are square roots of quadratic sums of experimental
uncertainties for each measured isotope, i.e., 12, 11, 18,8=(1) and 11, 10, 9, 7AZ=2).
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TABLE VI. Partial charge-changing cross sections from the- CH, experiment ¢pcc, exd @and model
predictions ¢pcc, mod -

E Opcc, exp(mb) Tpce, mod(MD)
(MeV/nucleon AZ  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 (39 266 247 261

ergy interval of~110-250 MeV/nucleon and light targets transport of light ions through light materials. The accuracy
like C, CH,, and HO. Those data available in the literature of these values is sufficient to enable a valid comparison
agree with our results within experimental uncertainties exWith existing models. The total charge-changing cross sec-
cept for one case, which correspondsité=2 produced in  tions are in a very good agreement §%) with the model

the reaction of 175 (30) MeV/nucleonGvater [13]. A of Tripathi et al. [15]. The fragment production cross sec-
possible reason for this disagreement could be the fact thafons measured here agree with the previous experiments
in Ref.[13] the tracks were not matched, and therefore somavithin experimental error but differences ranging from 5 to
background events could have been added to the corre€f% appear in the corresponding values from various mod-
number of fragments. Figure 5 shows the deviation of theels. These differences indicate that the models presently
measuredrpcc values from the model predictions. It is seen available could be improved.

that for the systems investigated in this work, the closest
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The present method, which uses solid state nuclear track
detecto_rs, is a _g(_nod alternative to electron_lc detector experi- APPENDIX A
ments in providing results that help to improve existing
nuclear data bases. The measured cross sections presentedConcerning Eq(2) it should be noted there are no losses
here give a realistic picture of the phenomena involved in thef desired events due to scattering outside of the active de-

IV. CONCLUSIONS

TABLE VII. Partial charge-changing cross sections from the-€,0 experiment §pcc, e @and model
predictions ¢pcc, mod-

E Tpce, exp(MD) Tpce, mod(Mb)
(MeV/nucleon AZ Thiswork Ref[12] Ref.[13] Ref.[14] Ref.[18] Ref.[19] Ref.[20]
241(33) 1 210 (6) 202 (112 254 241 97 212
2 84 (4) 100 (212 117 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

®The values ofrpcc, exp@nd their errors shown in the fourth column from the left were estimated from the
fragment yields and their uncertainties, respectively.
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C+0,CH, H,0 but we cannot distinguish them from the origin&%C par-
80 sold symecls -2 -5 ticles. T_he ratio of the Cross section for pro_duction18®
] sqiares - e, [14] and 'C isotopedtaken directly from the experimefit7]) to
o ¢ |prangee e | o the total charge-changing cross section't® on °C target
407 o Ldomn tiangis - et )| A at 250 MeV/nucleori17,15 is less than 8%. Moreover, and
20 ° very importantly, the estimations of the total charge-
04—~ ¥ ¥-C+H,0 i i 1 i
T a 3 M 2 changing cross section dfC and ''C particles at 250 and
204 ® t 110 MeV/nucleon on same target according to two models
-40 o [14,15 differ, as maximum, from that of’C by 3.2% and
-60 1.2% (at 250 MeV/nucleoy and by 2.7% and 0.8%at 110
| — T MeV/nucleon. Thus, Eq.(2) is considered to be correct
604 ©® ° I’ ° ° within a few percent in the entire energy region covered in
— 40 this work.
& 20 ° 6 8
S < v C+CH, APPENDIX B
£ 201 R | - | |
-%’ ig 1 M The derivation of the partial cross sectian, follows the
s o o assumptions given in Ref16] but additionally assumes that
607 0 fragments exist in front of the target, as discussed in Sec.
] LI L L R I L Il B. The target starts ak=0, where we haveNy(0) of
607 o 2 2 2 primary ions and\¢(0) of fragments of given charge. For
40 ° thick targets we cannot ignore the loss of fragments due to
207 ¢ é 8 Q secondary fragmentation but we do ignore the production of
0= 4 M §C+C fragments of givenZ from other fragments. We further
20+ assume the same total charge-changing cross section for
-40 . o 0 primary ions and fragments. The number of primary ions
-60 decays exponentially as
-80 4— . . . . . . .
100 120 140 160 180 200 220 240 260 No(X) =Ng(0)e~ (Naro)/M, (B1)

Energy (MeV/nucleon) whereN, , p, andM were defined earlier in the article and

'}s the total charge-changing cross section for the primary
lons. The change in number of fragmemig(x) per unit
thickness is expressed as

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

tector area since it is smalléoy a factor of~1.6) than both dNg(X)  Napog Napo

the target and the detector. Furthermore the beam density ax = m No(X) = —7—Ne(x), (B2
remains almost constant over the whole detector area. This

means that the number of particles deflected out of the activethere o; is the total charge-changing cross section for a
area is compensated by an equivalent number of particlegiven fragment. By inserting EqB1) into Eg. (B2) and
deflected into it. We also detect particles that lose neutronsolving the differential equation we get

ef(NAprrx)/M{ —No(0) o+ alNap(o— 01)X]/M[NF(O)(O._ o)+ NO(O)O'F]}

Ng(x) = oo,

(B3)

For the case where~ o, we make expansion to the first 20% of . This is so for the thickest target of 55 mm, the
order of the Taylor series and the Equati@3) simplifies to  difference is even smaller for thinner targets.
Finally, by taking into account EqB1) the partial cross
NaporxXNo(0) section is given by

Ne(x)=| Ng(0) + M

e—(NAp(rX)/M. (B4)

It can be mentioned that with the typical values of param-
eters and variables in our equationsp=(1 gl/cnt?,
x=5.5 cmg=800 mbpg=100 mb) number of fragments
Ng(x) does not change by more than2% if o, is within  where only measured quantities and constants appear.

JF:(NFM N(0) ) M @5

No(X) No(0)/ Napx’
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