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Measurements of projectile-like *Be and °B production in 200-400 MeV/nucleon >C on water
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We have studied the production of the projectile-like fragments $Be and °B produced in interactions of 200
to 400 MeV/nucleon carbon ions with water, using emulsion detectors. In this Brief Report we present the first
published production cross section of the projectile-like fragment °B in the energy region above 100 MeV/nucleon.
The measured production cross sections of these nuclides were compared to calculations using a semiempirical
model. We found that the measured cross sections deviate from the calculated values by a factor up to about six.

This information is of importance for benchmarking and improving heavy ion nuclear reaction models.
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1. Introduction. Studies of the projectile fragmentation
of artificially produced, highly energetic heavy ions have
been carried out since the first acceleration of heavy ions
at the Princeton Particle Accelerator and the Bevatron at
the Lawrence Berkeley Laboratory in the early seventies.
For energies above approximately 100 MeV/nucleon, the
difference in rapidity between the projectile and the target
fragments produced from peripheral collisions is clearly seen.
The cross section to produce a particular nuclide as a projectile
fragment is one of the key parameters needed to understand
the reaction mechanism. Measurements have therefore been
performed for a variety of combinations of beams and targets
[1]. The results have been used to validate the fragmentation
cross section model developed by Sihver et al. [2] at beam
energies above ~100 MeV/nucleon. This model is used, for
example, in the one-dimensional particle and transport code
HIBRAC [3].

Previously, only a few experiments studying the projectile
8Be fragment at energies above 100 MeV/nucleon have been
reported [4—6]. Because the lifetime of the ground state of
8Be(SBeg_s_) is too short (7 x 10717 s) to track, the mass of these
isotopes cannot be determined with magnetic spectrometers
or Cherenkov counters. In the experiments reported in these
publications, emulsions were used as both target and tracking
device, and the 8Beg,s_ signal was taken from the angular
correlation between two projectile-like o fragments. No
experimental results for projectile °B fragments with energies
above 100 MeV/nucleon have been reported. The ground state
of °B(°By.) has a short lifetime (8.5 x 107" s) and decays
into a ®Beg ;. and a proton.
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We have studied carbon ion fragmentation with emulsion
technology at NIRS-HIMAC in Japan and recently reported the
charge-changing cross sections for 200-400 MeV/nucleon 'C
in water [7]. Using the same data sets, we have now analyzed
the angular correlation between the light fragments to study
SBegAS, and 9BgAs, production.

In this article, we report measurements of 8Beg_s_ and
B, ., produced as projectile fragments in the interactions of
12C on water in the energy region 200—400 MeV/nucleon. The
production cross sections have been compared with model
calculations [2].

I1. Experiment and analysis. The Emulsion Cloud Chamber
(ECC) was designed to store the products of all fragmentation
reactions. A schematic drawing of the chamber is shown in
Fig. 1. It was constructed from 65 emulsion module layers
with 2-mm-thick gaps separating adjacent layers. The gaps
were filled with deionized water at the time of exposure. Each
emulsion module layer consisted of a stack of four emulsion
sheets, reinforced with a 1.05-mm-thick polycarbonate plate
and then vacuum-packed in an aluminum-coated film for light-
and waterproofing.

A pair of emulsion sheets was placed on each side of the
polycarbonate plate as shown in Fig. 1(b).! The emulsion
sheet itself measured 102 mm by 127 mm and was made of
OPERA film [8], consisting of a 205-um-thick TAC (cellulose

'The emulsion sheets in each module are labeled “A” through “D”
as shown in Fig. 1(b).
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FIG. 1. (Color online) (a) Schematic view of the Emulsion Cloud
Chamber (ECC). It has 65 layers of emulsion modules interspersed
with water targets. (b) Detailed structure of the ECC. An emulsion
module consists of four emulsion sheets and a polycarbonate plate.
(c) Cross section of an OPERA film. An OPERA film consists of a
TAC base coated on both sides with an emulsion layer.

triacetate) base, coated on both sides with 44-pm-thick
emulsion layers. This detail is shown in Fig. 1(c).

Details of the detector, data reduction, and analysis can be
found in Ref. [7].

We exposed the chamber to 400 MeV/nucleon 12C in the
SB2 beam line [9] of the HIMAC heavy ion synchrotron in
December 2004. The total count of beam tracks was 24 237.
After the exposure, sheets A and C were developed normally
and sheets B and D were processed applying the so-called
refreshing method [10] before development. Refreshing is a
technology used to desensitize emulsions by means of forced
fading. It extends the dynamic range of response to highly
charged particles.

The emulsion scanning was performed by fully automated
Ultra Track Selector (UTS) [11] microscopes. The track-
finding efficiency of the UTS was 98%. The UTS records
the grain density of each track segment as a pulse height,
thus storing the local deposited energy. The positional and
angular resolutions of a track were found to be 1 um and
1 mrad, respectively. We obtained 8213 fragmentation reac-
tions at beam energies ranging from 200 to 400 MeV/nucleon.
Reconstructed vertex positions were used to select the
12C 4 H,0 interactions.

1I1. Results. A. SBeg,s, production. When SBeg‘s, is produced
as a projectile-like fragment, its velocity is equal to that of
the primary carbon ion to within a few percent error. The
fragment promptly decays into two forward-going o particles
with a maximum opening angle of 0.013 rad. This angle is due
kinematically to the mass difference of 92 keV between 8Beg_s_
and two « particles.

In this experiment the charge of each individual track was
identified by using the combination of pulse heights measured
in the films processed by different refreshing treatments [7,10].
Helium particles with tangents of the polar angle less than
0.1 were identified with more than 95% purity. We selected
the fragmentation reactions that had more than one secondary
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FIG. 2. Opening angle between two helium particles (®gy).
(Black dots) Data and statistical errors. The cut point to select 8Beg,s_
events is indicated by the arrow. (Dotted histogram) Background
events with best fit parameters. (Dashed histogram) The sum of
8Be},, and background events with best fit parameters. (Gray
histogram) 8BegAs_ events with best fit parameters.

helium particle and obtained 3188 events at beam energies
ranging from 200 to 400 MeV/nucleon.

Figure 2 shows the measured distribution of opening
angles between two helium particles (®,,). Here, we consider
any combination of two helium particles for each event.
A prominent peak at ®,, ~ 0.01 corresponds to the value
expected for the fragments originating from the decays of the
8Beg_sl. It contains 472 events in the region of ®,, < 0.020.
SBeg_S‘ events are well contained considering the error of the
track angle measurement. There is also a broad background
with a peak at ®,, ~ 0.06.

We suppose that there is no angular correlation between
two background helium particles and that the ®,,, distribution
of the broad background is the same as the ®,, distribution
obtained by selecting helium particles from different events.
We also consider the contribution of the production of the first
excited state of *Be (®Be3 ). ®Be} o, promptly decays into
two « particles and their opening angle distribution has a peak
at Oy ~ 0.06.

To estimate the yield of *Be, s production the opening angle
distribution was fitted with a combination of the expected
signal distributions from SBeg‘s, 8 Bej (4, and background. The
fitted opening angle distribution and x 2, which is minimized,
are

O (NP — g NA — BNE — yNE)?
X2 — Z ( i i 02 i VIV ) , (1)
®aui !

where N i°b5 is the number of observed events, NiA is the number
of SBeg,s, events, N l.B is the number of 8Be§04 events, N ,.C is the
number of background events, and o; is the statistical error for
the ith bin. The opening angle distribution was divided into 60
bins from 0 to 0.3, and the sample normalizations, «, 8, and
y, were allowed to vary freely. The distributions of ®,, for
8Be, ;. and ®Bej} , were produced by a Monte Carlo simulation
considering the energy distribution of the beam energy and the
measurement error of the secondary track angle. The results
of the fit are shown in Fig. 2. The number of 8Beg_sA events was
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TABLE L. ®Be production cross sections for '2C beams in a water
target.

Energy Osge + 09 (Mb) Osg,. (Mb)
(MeV /nucleon) Our results

Our results Ref. [2]
364 +25 3377 2217 140
312427 4213 3178 159
255 =+ 30 39+, 28%% 177

found to be 301 % 19. There is some excess of data above the
fitted line around ®,, ~ 0.06. It is likely due to an imperfect
understanding of the background distribution.> However, we
assume that these effects on the estimation of signal yield can
be neglected.

We selected the '>C + H,O reaction and calculated the
production cross sections of projectile 8Beg‘s, fragments and
their statistical errors. We note that the SBegAs, events include
both the events in which SBeg_S, are directly produced as
projectile-like fragments and the events in which 8Beg.s, are
produced as decay daughters of 9Bg,s' produced as projectile-
like fragments. The latter, i.e., production of projectile 9Bg_s,
fragments, is discussed in the next subsection. We first
calculated the sum of ®Be,, and °Bg production cross
sections from the number of 8Beg.s, events. Then the SBeg.s,
production cross section was calculated by subtracting the
9Bg_s_ production cross section, which is described in the next
subsection. The results are summarized in Table I.

The systematic error consists of the following components:
the uncertainty in vertex positions, which affects the position
cut when selecting a target material, resulted in an uncertainty
of 3%; the probability of charge misidentification of primary
or secondary particles was estimated to add an uncertainty of
3%; the inefficiency for detecting two secondary « particles
contributed a systematic uncertainty of 4%; the contamination
of 1°C and !'C in the 'C beam was expected to contribute
an uncertainty of 3%. The quadrature sum of all these
uncertainties yielded a total estimated systematic error of
7%. The details of how these uncertainties were estimated
are described in Ref. [7].

We note that although we cannot identify the mass of
the fragments, SBeg.S. — o + « is the only reaction that can
produce a peak in the region of ®,, < 0.020. The possibilities
of a peak in this region resulting from two *He or a *He and
an « particle were ruled out by earlier studies done at energies
below 100 MeV/nucleon [12].

B. 9Bg,s, production. We performed further analysis of the
events selected as SBeg,s, production to detect 9Bg,s,. 9Bg,s,
produced as a projectile fragment has a velocity equal to
within a few percent error to that of the the primary carbon ion
and promptly decays into a proton and 8Beg,s_. Furthermore,
gBeg,SA promptly decays into two « particles: 9ths, —p+

’In the next subsection we discuss the production and two-stage
decay of °B} ;. This mode is expected to have a peak at around
0.025 in the distribution of ®,,. Therefore, the excess of data around
®uy ~ 0.06 cannot be explained by this mode.
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FIG. 3. Distribution of ©,,, after removing events containing
8Beg,s_. (Black dots) Data and statistical errors. The cut point to select
°B o.s. €vents is indicated by the arrow. (Dotted histogram) Background
events with best fit parameters. (Dashed histogram) The sum of °Bj ;¢
and background events with best fit parameters. (Gray histogram)
98“ events with best fit parameters.

8Beg.S, — p + (@ + a). The proton and two « particles are all
forward-going, with the maximum opening angle between the
proton and SBeg.S, being 0.03 rad in the energy region above
200 MeV/nucleon. This is due kinematically to the mass
difference between 9Bg_s_ and the proton and 8Begls_, which
is 185 keV. We selected the fragmentation reactions in which
at least one proton and more than one secondary o particle
were produced and obtained 2663 events at beam energies
ranging from 200 to 400 MeV/nucleon.

Here, we consider the opening angle of © 4, determined by
the direction of one proton (f;) and two « particles (f2, £3). £23 is
defined as the average of the directions of two « particles: 1,3 =
(t_é + t_é) /2. The direction of fr corresponds to the direction
of 8Beg_s.. O paq 18 defined as the opening angle between fl
and f,3. Figure 3 shows the distribution of © paa after cutting
events that have 8Begs,, i.e., Oy, < 0.020. All combinations
of 11, 7>, and 13 all allowed for each event. The prominent
peak at @ 4, ~ 0.02 corresponds to the two-stage decay of
9Bg‘s,. It contains 112 events in the region of ® ,, < 0.035.
9Bg_sA events are well contained in this region considering the
error in the track angle measurement. There is also a broad
background.

We suppose that the broad background distribution of
® paq 1s the same as the Oy, distribution obtained in events
that do not contain 8Be:g,s_ production, i.e., ©,, > 0.020.
We also considered the contribution of the production and
two-stage decay of *B 5.: °B3 ;c — « +°Li —> o + (p + ).
The opening angle distribution is expected to have a peak at
O pae ~ 0.07.

To estimate the yield of °B ¢s. production, the opening angle
distribution is fitted with a combination of the expected signal
distributions from 9Bg.s_, 9B’2‘.36, and background. The fitted
opening angle distribution and %2, which is minimized, are

60 (Niobs _ OlNiA _ :BNZ‘B _ yNiC)Z

= . )

[
O paa; !
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TABLE II. °B production cross sections for '>C beams
in a water target.

Energy oo (mb)
(MeV /nucleon)

Our results Ref. [2]
307 + 82 11.3%33 47

where N ;’bs is the number of observed events, N l.A is the number
of 9Bg.s_ events, NiB is the number of 9B§_36 events, Nic is the
number of background events, and o; is the statistical error for
the ith bin. The opening angle distribution was divided into 60
bins from 0 to 0.3, and the sample normalizations, ¢, 8, and
v, were allowed to vary freely. The distributions of ® 4, for
9Bg,s_ and 9B;36 were produced by a Monte Carlo simulation.
The results of the fit are shown in Fig. 3. The number of 9Bg,s,
events was found to be 75 £ 10.

We selected the 2C + H,O reaction and calculated the
production cross sections of the projectile *B, . fragments
and their statistical errors. The results are presented in
Table II. The total systematic error was estimated to be 8%
in a method similar to that used for the production cross section
of 8Beg_s_. The difference from the 8Beg.s, case comes from an
increased uncertainty of 6% due to the required detection of
an additional secondary proton.

We note that although we cannot identify the mass of the
fragments, the two-stage decay of 9Bg_s, is the only way to
explain the peak in the region ® 4, < 0.035. The possibility
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of a peak in this region due to *He, d, or ¢ is ruled out by past
low energy experiments [12].

1V. Discussion and conclusion. We have measured the
production cross sections for projectile fragments ®Beg.
and °B, . from '?C beams incident on water in the energy
region 200400 MeV/nucleon. Our results include the first
observation of the ng,S. projectile above 100 MeV/nucleon.
We compared the measured cross sections with calculations
using a model developed by Sihver et al. [2]. The Sihver
model is a semiempirical model that takes advantage of the
experimentally verified weak factorization property [13] and
can well reproduce the experimental data that were available
when this model was developed. The measured and calculated
cross sections are presented in Tables I and II. On average,
Sihver’s cross section model overestimates the cross sections
by factors of approximately six (four) for the production of
8Beg_s_ (9Bg,s,). Itis natural that there is such a large discrepancy
because our results are the first to measure the production
cross sections of these two nuclides. Additional measurements
for various beams and targets combinations will improve the
understanding of the reaction mechanism and of the cross
section models.
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