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Measurements of total reaction cross sections for some light nuclei at intermediate energies
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Measurements of the total reaction cross section‘fof®C, 41N, and 680 on carbon target at inter-
mediate energies were performed on the Radioactive lon Beam Line of the Heavy lon Research Facility in
Lanzhou. A larger enhancement of; for 1°C was observed than for its neighbors. Evidence for possible
anomalous nuclear structure 1AC was revealed in the analysis of the total reaction cross section in terms of
the difference factod.

PACS numbds): 25.60.Dz, 27.20tn, 24.10-i

I. INTRODUCTION whereog(exp) is the experimentaty at intermediate ener-
gies andog(G) is theog calculated by the Glauber model at
Since the discovery of neutron skin and neutron halo nuthe same energies with HO-type density distribution obtained
clei such as®He, 8He, Li, Be, “Be, B, °%C, etc. by fitting the experimentaty at relativistic energy. It was
[1-5], through several experimental methods such as meashown thatd is about 10—20 % for stable nuclei and nuclei
surement of the total reaction cross section, the study on theear 8-stability line. For nuclei with anomalous structuie
structure of nuclei far from th@-stability line is of particu-  will be 30—40 % and even up to 50%. For the large value of
lar interest regarding the possible existence of new skin and, °C was suggested tentatively to have an anomalous
halo nuclei. It was shown that the information about suchnuclear structuréa halo or a skin[4]. In order to draw any
nuclear structure can be extracted from the total reactioconclusive statements on the structure of exotic nuclei from
cross section, fragment momentum distribution of fragmenthe measured total nuclear reaction cross section at interme-
tation reaction, quadrupole moment and Coulomb dissociadiate energies, the investigation on the isotope and isospin
tion, etc.[3-9]. dependence ofl is very important. Since only a few mea-
Recent measurement of the interaction cross section aurements ofog at intermediate energy range have been
960 MeV/nucleon exhibits a one-neutron halo structure ofnade, there are no clear isotope and isospin dependente of
19C [5]. The investigation on the Coulomb dissociation of for light exotic nuclei. Thus, more measurementsogf at
19C supports the assumption of the halo strucfi@. The intermediate energies are needed for the systematic study of
measurement of the momentum distribution is also in favothe structure of light exotic nuclei.
of this conclusiorf11]. The momentum distribution width of Section Il of this paper describes our experimental proce-
¥c from the breakup of 1°C extracted to be 67 dure and the data analysis method. Section Il compares the
+3 MeV/c is quite narrow although it is larger than the experimental result with the Glauber model calculation and
width (42+4 MeV/c) of & from the breakup of°C[11].  investigates the isotope dependence of the difference factor
Similar proof was demonstrated in another momentum disd. A brief summary and our conclusions are presented in
tribution measuremenfl2]. So far, the extraction of the Sec. IV.
nucleon density distribution in nuclei and nuclear radii from
experimental total reaction cross section has been done al- Il. EXPERIMENT
most exclusively by using Glauber model. But the compari-
son of available data at relativistic energies and data at inter-
mediate energies has shown great discrepancies. It was The total interaction cross section was determined by re-
pointed out by Ozawat al. that Glauber model calculation lating the number of ions incident on the target to the ions
always underestimates the cross sections at intermediate gmassing the target without interaction. This transmission-type
ergies, if one assumes harmonic-oscillatdO)-type density  experiment method was described as below.
distribution and determines the width parameter by reproduc- The experiment was performed at the Institute of Modern
ing the interaction cross section at relativistic enerd@s  Physics in Lanzhou. Secondary radioactive nucleus beams
For quantitative discussion, a difference faadawas defined were produced by Radioactive lon Beam Line in Lanzhou

A. Experimental procedure

as[4] (RIBLL) through the projectile fragmentation of a 60 MeV/
nucleon 0 primary beam accelerated by Heavy lon Re-
d= or(exp — or(G) B search Facility in Lanzho@HIRFL). The detector setup is
or(G) ' shown in Fig. 1. A diaphragm was used to constrict the beam

size. A timing signal from a scintillator at the second focal
plane T2 served as the start of a time-to-amplitude converter
*Corresponding author. which was stopped by a signal derived from another scintil-
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FIG. 1. Detector setup for measuring, of C, N, O isotopes on Energy loss (MeV)

12C target. , . .
FIG. 3. Correlation plot for two energy losses of the first Si

detector and the second Si detector with targetout. The solid line is

17 ; . . - -
measurement of the time-of-flighf OF) of the incident ions. the band c.)f N by 5|mqlat|o_n as described in the text, th_e expert
mental points after calibration were shown to overlap nicely with

The first transmission Si surface barrier detector gave thel{ e simulated band
energy losses. Figure 2 is a bidimentional representation o '
AE; versus TOF that enable a direct identification of the giaq. Approximately, the energy-range relation of ions can

incoming ions. Behind the reaction target, a telescope conye gescribed by the following equatifhd];
prised of three transmission Si surface barrier detectors, fol-

lator installed at the first focal plane TI. This provided a

lowed by a CHTl) crystal readout by a photomultiplier was a
used to identify the noninteracting beam particles. In this R=WEb, 2
experiment, thé\E detectors had thicknesss 300, 300, 1000, A 4

and 580 um, respectively. The thickness of the carbon tar- . L L .
get was 1 mm. In order to avoid the loss of scattered ions, th)g/hereE is the kinetic energy .Of the ion in units of MeW
andZ are the mass and atomic number of the ion, arhd

four detectors were mounted very compactly and the dis; X
tance between the reaction target and the telescope was | are parameters. But the. error becomes Iarger W.'th the dg-
27 cm. crease (_)f energy. Calculat_lons show that tr_ns error is approxi-
mately in inverse proportion to the effective charge of the

ion. In order to give a better description of the energy-range
relation at low energies, we present a new expression

Due to the energy dependence of the reaction cross sec-
tion, the accurate determination of the incident ionic energy a b
is required. In the analysis each Si detector was calibrated in R= WE , ()
energy by Monte Carlo simulation based on the energy-range
relationship of energetic ioj43]. In this simulation method, \,hare 82=1—exy —c—dE/(A®~D7?)] comes from the en-

an accurate algorithm f_or_the ene_rgy-range_relation s e?('ergy dependence of the effective chaf8,15. The param-
pected. The exact description of this relation is very Comp“'etersa, b, ¢, andd are optimized for'’N in the calculation by
a least-squares fit to the resultstefimos [16]. It was shown

that Eq.(3) could give a better description of the energy-

18
0 o range relationship of energetic ions than B, especially at
_-:_’. - 17', :, .
o
. . X . .: 16 -
.t ¥ 0 N

B. Data analysis

low energies. Using Ed3), the stopping of ions in the de-
tectors could be simulated. A linearity transformation like
AE;=k;(X;—Xq;), wherex; is the channel number of the
N.: - ith AE detector,k; and xp; are constants andE; is the

' ; G R energy loss for théth AE detector after energy calibration

’ Ni. expressed in MeV, was made for eakk detector. Adjust-
C oo :Z.. i - ing the constantk; andxy; to make a good overlap between
] N the calibrated experimental points and the simulated bands,
. 13 TR we could get good energy calibration for AlE detectors. In

Ca : the calibration good overlap was obtained for all the mea-
. 126 .

e
N.
i

16

Energy loss (arb. units)

sured isotope bands at the same time. In Fig. 3, the correla-
tion for two energy losses of the first Si detector (30n)
and the second Si detector (3Q0m) is displayed. From the
figure we can see that the simulation band is in good agree-
TOF (arb. units) ment with the experimental points.
The energy-deposition spectra after the target shown in

FIG. 2. Bidimensional representation okE versus TOF par-  Fig. 4 was obtained by using TOF amvE; gates which

ticle identification before the target. select!’N as the incident ions. Events left to the dotted line
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FIG. 4. Energy-deposition spectra 6N after the target. The

. .16
events left of the dotted line near 450 MeV are counted as reactlorbN

events which are obtained by a Gaussian fit to the peak.

near 450 MeV are counted as reacti¢hg]. From this spec-
tra we obtain a probabilityy;, defined as the ratio of reac-

tions to total events. The subscript “1” denotes that the re
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TABLE I. Total reaction cross section for C, N, O isotopes with
12C target at intermediate energies.

Projectile Energy(MeV/nucleon or (Mb)
2c 40.7 117356
3¢ 334 1296-40
l4c 27.4 135775
15¢ 20.7 1601130
16c 39.0 1559 44
14N 39.3 129166
15N 33.1 136355
27.3 143769
N 35.0 1362-34
%0 38.7 127774
0 32.6 1366:42
0 28.0 139359

actions take place beyond the first Si detector. The

probability 7,, for reactions occurring beyond the second Sipresent data for’C and **C agree with earlier measure-
detector, was found from the spectra taken with an additionanents. The Glauber model underestimatgsat intermediate
AE, energy gate which excludes particles reacting in theenergies for all the nuclei and larger difference between
target and the second Si detector. The probabiitywas
found similarly. Then the reaction cross section in the third™C.
Si detector was obtained from the difference betwggmand
73 [17]. The reaction probability in the second Si detectorbeing higher for'>C, but there is no data fot°*C, *“C, and
denoted a3, can be calculated out from thisy. From the
difference betweem, and 7,, the reaction probability in the
target and the second Si detector denoted asan be ob-
tained. Finally, we determinedlg in the carbon target from
the difference between; and\, which cancels out the re-
actions in the second Si detector, for details see Réf.

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

model calculation and the experimental data was shown for
In Ref.[4] evidence was shown for the difference faador

16C. In order to see the systematic behaviodpfve calcu-
lated it for the reaction systems measured in the present ex-
periment. The KN-Z) dependence ofl was given in Fig. 6.

For carbon, the results of Ozawéaal. was also showi¢]. d

from the present experiment fdPC is also very large and
we have added the of 1°C’s neighbor nuclet***1€C which

is very important for the conclusion of the existence of
anomalous nuclear structure #C. It can be seen from the
figure thatd shows an abnormal increase f6iC. This sup-

The o data was presented in Table |. The energy repreports the assumption of a possible anomalous nuclear struc-
sents the incident ion’s energy in the middle of the carborture for °C. Due to the nonapplicability of the Glauber
target. The errors ofrg refer to the statistical error plus the model at intermediate energy range, it seems like that
mean systematic error(3%) of extrapolating the reaction could be beam-energy dependent. The present dat&@r
events of lowQ-value reactions into the middle of the non- was taken at a beam-energy lower than for other isotopes
reacted ion’s peak.

Figure 5 shows the comparison of our results with theperform worse, the lower the beam energy, so that there
Glauber model calculation using the same procedure asould be larger systematic error f&iC. But the extraction of
adopted in Ref[4]. It can be seen from the figure that the nucleon distribution and nuclear radii from the total reaction

(Table ) and the Glauber calculation could be expected to

2000
1600| O 1600| 'O 1600| ‘O
4
1200 L ¢ 1200 w — FIG. 5. The energy depen-
300 \gﬁo’” 300 T dgnce ofog for C, N, O iso_topes
-~ 2000 v ] o - ys: with carbon target. The solid lines
2 1600 ‘N 1600| * 1600 6’N’ 1600 | 'N are calculated using the Glauber
= 1200 + 1200 -* 1200 1200 ‘\/* model along with HO-type density
2000 0 \mﬁ \,ﬂf‘ \—m" distribution. The present data are
7 3 3 indicated by the diamonds. The
12 13 10 14 10 s 10 16 .
1600{ C 1600| C 1600 16000 3 1600 C o 10 solid dots are data taken from
1200 1200 $ 1200 1200 1200 \\/. Refs.[4,5,18, the stars are calcu-
800 M \m \goﬁ lated by the parametrized formula
10! 10° 10! 10° 10' 10° 10" 10° 10" 10° 10° of og [19].
E (MeV/nucleon)
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: 20 FIG. 7. Isospin dependences of the difference fa@tprfor C
*‘f"i\’ isotope at intermediate energy. The solid uptriangles indicated the
10 data from Ref[4] by the Glauber calculation. The open triangles
0 —t —t are results calculated by BUU modgt,21]. The solid and open
40 | O-isotope circles were the data from the present experiment by the Glauber
and BUU calculations, respectively. The curves are to guide the
30 eye. For details of the BUU calculation see R¢#0,21].
20 . Lo
of special nuclear structure sindes less than 20%, although
10 }‘ ¢ < it varies little for different nuclei. The high-energy data from

Ref.[4] indicates thaf°C is of normal size, while the analy-
sis of the cross section at intermediate energy in terms of the
WN-2) difference factord demonstrates that®C has anomalous

FIG. 6. The N—2) dependence of the difference factah. structure. To clarify this discrepancy, more experimental

The present data are indicated by the solid dots. The triangles arrgeasurement o at more energies points and with more

taken from Refs[4], the open circles are taken from Ref22,23. precise methods should be performed.
The experimentatrg of target other than carbon were normalized to
the value with carbon target by using the parametrized formula of

3210123 45¢6

IV. CONCLUSION

In summary, the total reaction cross sections ¥or*C,

14—17, 16—18 H H H
cross section at both high energies and intermediate energies = \» @d O at intermediate energies were measured.

was done almost exclusively by using the Glauber model. T¢* method of Monte Carlo simulation based on the energy-
extract nuclear structure information from the cross sectioi@ge relation of energetic ions for energy calibratiod&
at intermediate energies using the difference fadtés one detector was introduced. Comparison of the total reaction

of the most important methods at present. It was pointed olff0SS Section with Glauber model calculations was made.
that the Boltzmann-Uehling-UhlenbedBUU) calculations Using HO-type d_en5|ty dlstrlbuthn, the Qlauber calgulatlon
can reproduce the experimental total reaction cross section @iways underestimates thﬁRlé"t intermediate energies. A
intermediate energies better than the Glauber calculatiol®r9€r enhancersnent @ for =C was observed than for its
[20]. The 10-20% systematical underestimationogf by neighbors. For®C, the at_)normal increase of the d|ffereqce
the Glauber model for normal nuclei was removed out by thdactord as compared to its neighbors and the narrow width
BUU calculation. But the difference factatof nuclei with ~ ©f momentum distributiofi11] support the assumption of its

an anomalous structure are larger than that of their neighboROSSible anomalous nuclear structure. Further experiments
both for BUU and Glauber calculatidi2l]. The results are aré needed to confirm above conclusions.

shown in Fig. 7. For comparison the data from the present
experiment was also plotted in this figure. An increasel of
from our experiment by BUU calculation was also shown for
15C as compared to that of*'4C. This suggests that the ~ We would like to thank the members of the RIBLL group
difference factor is sensitive to the nuclear structure such aand the HIRFL staff for all their help and for thH€O beam.

the neutron halo or skin. The use of the Glauber model in th&his work was supported by the Major State Basic Research
analysis of the difference factor would give larger valuelof Development Program under Contract No. G2000 77400, the
for the experimental point at lower energies, but should noNational Science Foundation of China under Grants No.
have much effect on the conclusion. FYIC, the possible 19625513 and 19725521, the National Science Foundation
existence of an abnormal nuclear structure is also indicatedf China under Grants No. 19675059 and 19705012, and the
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