E
S0CHT O

" International Symposium on

Exotic

T g MSPOM T S
iz ‘ Editors:
' Yu. E. Penionzhkevich

S. M. Lukyanov

AIP CONFERENCE PROCEEDINGS 1224



Coherent dissociation of relativistic "C nuclej jy,
nuclear track emulsion

D. O. Krivenkov’, D. A. Artemenkov", V. Bradnova®, M. Haiduc".
R.R.Kattabekov®, S. P. Kharlamov®, N. V. Kondratieva®,
K.Z.Mamatkulov®, A. I. Malakhov®, A. A. Moiseenko?, G. I. Orlovg*
N.G. Peresadko’, N.G.Polukhina®, P. A. Rukoyatkin®, V. V. Rusakovs'
V.R. Sarkisyan’, R.Stanoeva’, S. Vokal®, P. I. Zarubin®, I. G. Zarubin,

? Jaint Institure for Nuclear Researches, Dubna, Russio
¥ Institure of Space Sciences, Magurel, Romania
“ Lebedev Physics Institwe of Russian Academy of Sciences, Moscow, Russia
4 Erevan Physics Institute, Erevan, Armenia
* P.J. Safirik University, Kogice, Slovak Republic

Abstract. For the first time nuclear track emulsion is exposed to relativistic "C nuclei. A systemai;
pattern of the disiributions of charge combinations of fragments in the peripheral interactions of i
nuclei in a nuclear track emulsion has been obtained. The main conclusion is that the contribution of the
channel °C — *B + p and *C — "Be + 2p is most important in events that do not involve the production
of target-nucleus fragments or mesons (coherent dissociation). It can be concluded that in the peripheral
’C dissociation the picture hitherio obtained for "B and "Be with the addition of one or two protoss,
respectively, is reproduced. Three coherent dissociation events 'C — 3'He accompanied by neither
target fragments of the mucleus target nor charged mesons are identified.
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INTRODUCTION

Beams of relativistic radioactive nuclei open up qualitatively new possibilities {01
studying the structural features of such nuclei and their excited states. This
investigation relies on the potential of the JINR Nuclotron for creating beams of
relativistic light nuclei including secondary ones. Of particular interest are pcrir-hcr??
nuclear interactions at energy of about 1A GeV per nucleon since they are optimal 17
measurement conditions and interpretation. Among all variety of the nucle¥
interactions the peripheral dissociation bears uniquely complete information about (F¢
excited nucleus states above particle decay thresholds.

A peripheral dissociation is revealed as a narrow jet of relativistic fragments the
total charge of which is close to the charge of the primary nucleus. In spite of 11
relativistic velocity of fragments the relative velocities inside the jet are o
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Jgivistic. The challenging task for a detection technique is to provide the
' 35 in the observation of relativistic fragments.

el elene

5}:& difficulty of the principle is the following. An increase in the dissociation

j‘_; of a relativistic nucleus leads to a decrease in the fragment detector response.
" circumstance makes the wholesome analysis, which is necessary up to the He and
"':'.,Q-iﬂpcs' hardly accessible.

Then, the excited state of the produced fragment system is defined by the invariant
_qss of the relativistic fragment jet. Therefore the most accurate measurements of the
_jssion angles of fragments are needed. The accuracy of momentum measurements
't so demanding. It is enough to assume that the fragments conserve the primary
:J_E.:ncnlum per nucleon. In addition, the selection of most peripheral collisions
;,fquires the detection threshold to be as low as possible for the target fragments.

The most peripheral processes of the fragmentation of relativistic nuclei on heavy
quclei of the emulsion composition (i. e., Ag and Br) proceed without production of
arget fragments and mesons (i. e., coherent dissociation). They are called "white"
«ars aptly reflecting the images of events [1-3]. The fraction of such events that are
induced by electromagnetic exitation and nuclear interactions is a few percent of
melastic interactions. The statistics of various configurations of relativistic fragments
reflects the cluster features of light nuclei due to minimal transferred excitation [4-10].
The use of emulsion provides a complete monitoring of relativistic fragments with an
excellent angular resolution,

The BECQUEREL Project (Beryllium (Boron) Clustering Quest in Relativistic
Multifragmentation) at the JINR Nuclotron is devoted systematic exploration of
clustering features of light stable and radioactive nuclei. A nuclear track emulsion is
used 1o explore the fragmentation of the relativistic nuclei down to the most peripheral
interactions - nuclear "white" stars. This technique provides a record spatial resolution
(0.5 pm) and allows one to observe the 3D images of peripheral collisions. The
analysis of the relativistic fragmentation of neutron-deficient isotopes has special
ddvantages owing to a larger fraction of observable nucleons.

Ihis approach to the study of the nucleon clustering is used by the BECQUEREL
collaboration [11] for the study of light nuclei at the proton drip line. Exploration of
"¢ dissociation of lighter nuclei "Be [8] and *B [9] formed the basis for the progress in
"¢ study of the following nucleus - “C. Recently, search of the electromagnetic
Uissociation of the *B nucleus is successfully performed in a nuclear track emulsion at
: Ftectile energy of 1.2 GeV per nucleon [9].

The *He clustering plays an equally important role in these nuclei as the a-particle
:"_-'":. For the °C nucleus a cluster excitation 3°He with a relatively low threshold
. und 16 MeV) becomes available. In this case, a rearrangement of a neutron from

. particle cluster into the emerging *He nucleus should occur. The search for the

I'Sfﬂc:ilautiﬂn ’C — 3*He without accompanying fragments of the target and mesons, i.
:.'UUE]“TE"‘ stars becomes the main task of this study. In principle, this bright channel
With .b*«‘ ld_ent:f'led by a trident of doubly charged ﬁagrqents. But the real situat‘inn
“GreLmUIS“-m exposure in the secondary beams of relativistic radioactive nuclei is
e Omplicated. There should be a detailed analysis of events of the "white” star

“ 5 the most clearly interpreted interactions for a reliable determination of the used
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beam composition. In what follows, first results on °C identified interactio,.
described. 1

EXPERIMENT

The fragmentation of 1.2A GeV "*C nuclei, accelerated at the JINR Nuclotron_ .
used to form a secondary beam with low magnetic rigidity for the best selectip, D [ :
nuclei [12]. The momentum acceptance of the separating channel was about 32, Ar
amplitude spectrum of a scintillation monitor of the secondary beam is prL‘E-l:nTc;J.‘_,:
Fig. 1. It shows that the major contribution comes from C nuclei. The I’
background was an admixture of nuclei *He, which have the same ratio of the cl-_aT._.!
Zye to the atomic mass Ay, as °C ones have. ‘He nuclei could not penetrate into the
channel because of a much greater magnitude of this ratio. A small admixture
fragments "Be and *B with slightly higher magnetic rigidity than that of "C entered the
beam. These spectrum features indicate the correctness of the channel tuning,

g

§ ‘He

400

200 C

Ld: iy ey D

0 100 200 100 400 L

QDC channels

FIGURE 1. Charge spectrum of nuclei produced in the fragmentation of '"C — *C at secondary
beam tuning Z/A4. = 2/3.

The exposed stack consisted of 19 layers of nuclear track emulsion of the BR'-:
type with a relativistic sensitivity. The layer was about 0.5 mm thick and 1020 ¢
in area. Stack exposure was performed in a beam directed in parallel to the plan® of
the stack along the long side. The presented analysis is based on a complete scami™®
of all layers along the primary tracks with charges visually assessed as 7, = 2- f
nuclei were rejected at the primary stage of selection. The ratio of intensities Zy =
and Z, = 2 was about 1: 10, The presence of particles Z, = 1 in the ratio Z, > 2 I

was also detected. The Z; = | fragments were separated visually from the Zs =~
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ents. because their ionization was four times smaller. Over the viewed length of
- m traces one found 1746 interactions mostly pmdum.d by C nuclei. Thus, it was
Ja,“] that the mean free path was equal to Ac = 14.5 £ 0.5 cm. This value
anis to the estimate based on the data for the neighboring cluster nuclei.
]h‘ relativistic fragments H and He can be identified by their values pfic, derived
- measurements of multiple scattering, where p is the full momentum, and [ the
-d it is assumed that the projectile fragments conserve their momentum per
leon, i &., PBc = = AgpoPoc, where Ay the fragment atomic number. To achieve the
.4 precision one needs to measure the deflection of the track coordinates in more
: n points. Despite the workload, this method provides a unigue completeness of
'. __~_:r1.—manﬂn on the composition of the systems of few lightest nuclei.
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FIGURE 2. Distribution of the measurements ppe for beam "He nuclei (30 tracks, solid histogram),
singly charged fragments of the "white" stars £Z; = 5+ 1 and 4 + 1 + 1 (17 tracks, dot histogram).

-

'Ilha: presence of “He nuclei in the beam composition was found to be helpful to
calibrate the identification condltmns for secondary fragments. The distribution of the
e measurements for 30 nuclei “He from the beam is presented in Fig. 2 (solid
histogram), The average value of the distribution is ¢ppe> = 5.1 £ 0.2 GeV in the mean
icaltenng a = (.8 GeV. The absolute value is consistent to the expected value of 5.4
GeV for *He nuclei (for *He - 7.2 GeV) and is defined by the traditionally used
L‘U'ﬂsmnts The o value can be assumed to be satisfactory for the separation of isotopes

e and *He, and especially their systems.

. The contribution of the C, Be and B isotopes was separated via the charge

“ﬁguranuns of secondary fragments YZ; in "white" stars and subsequent
"eSurements of the primary charges Z,. The charges of the projectile nuclei and
“Uments 7, > 2 were determined by counting of 3-electrons on tracks. The
~“Surement of the charges of the primary nuclei and fragments of the events ¥ Z; =
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t 1 and 4 + | + |, presented in Fig. 3. allows one to conclude that all the eye,
originated from nuclei Z, = 6. There is an expected shift in the distribg;
interaction fragments.
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FIGURE 3. Distributions by the mean number of d-clectrons per | mm length for beam particles (solid
histogram) and relativistic fragments with charges Z;> 2 (shaded histogram) from "white" stars ¥ 7, =¢
+land4+1+1

CHARGED FRAGMENT CONFIGURATIONS

The distribution of 161 «white» stars N, in the charge configurations Y7 is
presented in Table 1. Events with fragments Z = 5 and 4 and identified chawe: Zee =
6, accompanied by protons, are mterpreted as channels °C — B + pand "Be + 2p, due
to the absence of stable isotopes °B and *Be. These two channels are relative to the
most low-threshold dlssomatmn of the nucleus °C and constitute abuut 30% of the
events of ¥'.Z; = 6. The ratio of *B "white" stars with heavy fragments ("B — "Be+p)
and stars containing only H and He are shown to be approximately equal 9]

Therefore, one can expect that the statistics of the table 1 contains a large fraction of
events produced exactly by the °C nuclei.
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WEBLE 1. [hstribution of "white™ stars M, in charge configurations » Z.
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The result of identification of fragments Z; = 1 in this group of events is presented
n Fig. 4 (dotted histogram). The distribution has pfc» = 1.5 £ 0.1 GeV and 6 = 0.4
GeV. In fact, the identification in these cases is not necessary because of limited
options, and protons can serve as a calibration mechanism in more complicated cases.
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HGURE 4. Distribution by polar angles 6 for doubly charged fragments in the "white” stars C — 3He,

. 0le 1 allows one to derive useful indirect conclusions about the composition of
- "eam. For example, there is only one event ¥ Z; = 4 + 2, which might arise from
- dissociation ''"C — "Be + *He having the lowest threshold for the isotope Hed
“ 4 possible presence of ''C in the secondary beam is negligible. Ten «white»
* with the total charge Y2z = 7 are associated with '°N nuclei, captured in the
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beam. '*N nuclei were produced in charge exchange processes "C — 'Iy
producing target. i

The distribution of «whites stars produced by "Be, *B and C nuclei of the
configurations ¥ Zg, which consist only of the nuclei H and H:: 1S presenteq ;,
table 2. One excluded from the sum } Z; one H nucleus for the *B cases and 2 ”"
the C cases. There are similar framuuns of the r:hanm,h- 2He and He + 24 .,
corresponding to the appearance of "Be as a core of °C.

TABLE 2. Distribution of the numbers and fractions of "white" stars of "Be, "B and € nuel;
H and He configurations

Channel "Be F”;':"“’ ‘) T '“:;1‘““- scr2my I m...n

2He 41 43 12 40 24 —";-_'_'5" -
He + 2H 42 45 19 47 28
4H 2 2 1 13 (] 10
Li+H 9 10 3 0 2 :

Besides, it is possible to note the production of six "white" stars C — 6H (jah]-
Events of this type in the cases of the '*C and ''C isotopes, requiring a simultne, .
collapse of three He clusters, could not practically proceed without target frapme.
due to a very high threshold. Being related to an extremely high threshuld they could
not proceed without the production of target fragments. In contrast, similar processe
related to the breakups of cluster He pairs, were observed for the "white" stars ‘B
4H [8] and *B — 5H [9). These events require a full identification of the He and 1
isotopes and a kinematical analysis to be performed in future. It is quite possible tha
one will find some cases which would correspond to the cross-border stability in the
direction of nuclear resonance states °C — *C.

The question about the contribution of '°C nuclei to the statistics of the table |
which would be characterized by configurations consisting only of the He and 1
isotopes, remains open. A detailed identification and an angular analysis will b
crucial in this regard.

SEARCH FOR 3°'HE EVENTS

The table 1 shows the production of 16 «whites stars with the 3He configuration
The distribution by the polar angles 0 for these fragments, which illustrates the degre
of collimation, is presented in Fig. 4. Angular measurements allow one to derive 1
opening angle distribution @y, for fragment pairs (Fig. 5). Four narrow He pairs with
@y <107 rad are clearly seen due to the excellent spahal resolution. The obtainst
statistics permits to begin the search for the channel C — 3°He as the most |n1:crt:s-tll1E
challenge. The "C admixture could also lead to the events of a deep nucleoni
regrouping '°C — 2°He + 4He.
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FIGURE 5. Distribution by opening angles G,y between fragments in the "white” stars C — 3He.
of

8§+ — — 3 He fragments

counts

T
L

3°He

- |

B —mmimen *He

—— e
~.
-

e — — — — — — — — —

1 l—-l W
| o S i
T e e e A R G B N

. ppc, GeV
URE 6, Distribution of the measurements pPc for beam doubly charged fragments of the "white”

“ible distribution of *He fragments.

The method of the multiple Coulomb scattering was used to determine pBc values
He fragments. Such measurements were implemented only for 22 tracks because of

"¢ characteristics of the stack used and because of the fragment angular dispersion s

-3ed histogram in Fig. 6). The average value (pPc> was found to be equal to 4.6 =

““UeV, with g = 0.6 GeV. The fraction of the fragments that could be defined as ‘He

[ oe]
(7]



nuclei is insignificant compared with "He. A systematic decrease in the valye s
with the respect to the beam calibration is due to the energy loss in interactions.

The procedure for determining the pPec values of all three fragments becan.
possible to be fulfilled only in three events C — 3He (solid histogram in Fig. 3). TTF
values allow one to interpret the event as a triple production of *He nuclei with g g
value pfic = 12 = 1 GeV. The interpretation of events as '°C — 3*Ne + 1 is unlike|
because in this case one would need to modify not one but a pair of clusters He !"‘_
overcoming a threshold of at least 37 MeV in a peripheral interaction without targgy
fragment production.

Let’s describe one of a first identified candidate for °C — 3’He. [t m
microphotography is presented in the figure 7. The values of the 3He trane
momenta P, obtained by pPe and angular measurements are equal to 318 = 53 M

Ple,

0zajp
Verse
E'lllr"n'c_

128 + 20 MeV/c and 110 + 14 MeV/ec. Then the total momentum ¥ P, transferred i the
system 3'He is equal to 551 = 60 Meﬁ':fc. By introducing the ¥ P, correction, one Can
get noticeably lower values lower of P, in the 3°He center of mass - 138 + 73 MeVie,
66 + 10 MeV/c, and 74 = 10 MeV/c.

¥ - 2 § . ’ i
gl o L% s - o * P e
FIGURE 7. Microphotography of "white" star 'C — 3’He at 1.2A GeV. The upper photo shows
dissociation vertex and fragments of within in a narrow cone. 3 tracks relativistic He fragments can
clearly be seen in bottom photo.

The excitation energy estimated from the difference of the invariant mass Mg of
the 3°He system and the fragment mass is equal Esye = 11.9 £ 1.4 MeV. The
peculiarity of this event is the presence of a 2°He narrow pair of an energy of EyE =
46 + 8 keV. Such a low Exye value of the relativistic 2°He pair is close to the decay
energy from the ground state of *Be — 2'He. In the study of 'Be — *He + ‘He [8] s0
narrow relativistic pairs 2He were not found. The discussed "white" star is one of the
four 3He events with such narrow pairs (Fig. 5). This observation can motive the study
of an intriguing opportunity of the existence of a 2°He narrow resonant state near the
threshold.

CONCLUSIONS

For the first time nuclear track emulsion is exposed to relativistic °C nuclei. Th¢
entire body of experimental data the charge mgalogy of peripheral collisions sugges®
the dominance of beam tracks predominantly "C nuclei. Thus, it has been confirme
that the problem of irradiating nuclear track emulsions with relativistic °C nuclei h#
been successively solved for the first time with the JINR Nuclotron.

A systematic pattern of the distributions of charge combinations of fragments in the
peripheral interactions of *B nuclei in a nuclear track emulsion has been obtained.
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4 conclusion is that the contribution of the dissociation channel °C — *B + p and
_. 'Be + 2p is most important in events that do not involve the production of
,arggt-nucleus fr‘agmr.?nlls. or mesons ["“whlite" stars). !t can be Emnclude?d that in the
Ir.aﬁphm’l °C dissociation the picture hitherto obtained for *B and 'Be with the
- ddition of one or two protons, respectively, is reproduced.

; Three dissociation event ’C — 3°He accompanied by neither target fragments of the
.ucleus target nor charged mesons a;e identified. This paper provides a ground for
u +her detailed analysis of peripheral "C dissociation.
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