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Abstract

New experimentalresultson in-beamgamma spectroscopyf neutronrich boron isotopesare presentedor 1’B and its
neutronremoval fragment$#19B, afterscatteringwith aH- target.A gammatransitionfor 1B is observedat 1089+ 15keV.
The fragmentSB is observecabundantlyassociated witagammatransitionof 1336- 10 keV. This suggestgor thefirst time
a core-excitecstructurefor 17B therebyproviding a newinsight into itsstructure Observationgor 12148 are also presented.
Thedatasetprovidesa usefulsystematicstudy offirst excitedstatesof neutronrich boronisotopesshowingthe dramaticdrop
in excitationenergybeyondN = 8.
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Spectroscopic studies of neutron rich nuclei have present Letter was in the process of review) observa-
become important for understanding the nuclear struc- tion of gamma transitions from excited states'es,
ture evolution far from stability. For exploring excited populated by projectile fragemtation, have been re-
states of unstable nuclei, measurements on Coulombported[6].
excitation and inelastic scattering have been success- The experiment was performed at the RIKEN Ring
fully performed using in-beam gamma spectroscopy Cyclotron facility. The secondary beam 6fB was
[1,2]. This is particularly useful for studying nuclei produced by the fragmentation of ZNe primary
with very low intensities due to the possibility of using beam with an energy of 118 MeV, on a 8 mm thick
thicker targets. Be production target. The secondary beam at the re-

In this Letter we present new results on the gamma- action target was a cocktail withB and1°C as the
decay transitions obtained from inelastic scattering dominant components. The incident beam was iden-
of 1B nucleus on a proton target. Transitions have tified using the using time-of-flight (TOF) between
also been observed for the neutron removal products scintillators placed at the two achromatic foci of the
15-18 The results delineate the first observation of fragment separator, combined with magnetic rigidity
1B having a substantial amount of cof€R) excited and energy lossX E) information. The!’B beam was
structure. This is a new information on the ground state impinged on a liquid H target of average thickness
structure of'’B. In addition the new gamma-decay of 0.180 g'cn? sandwiched between two Aramid foil
transitions for'>1/B provide a means of systematic windows, 12.5 pum thick. The beam profile could be
study of excited states of neutron rich boron isotopes. monitored by two parallel plate avalanche counters
This helps in delineating changes in structure and sin- (PPAC) placed upstream of the ltarget. The H tar-
gle particle orbitals. get was surrounded by an array of 158 Nal(TI) crystals

Reaction studies, measuring interaction cross sec- (DALI2) [7] which detected the deexcitation gamma
tion and two-neutron removal momentum distribution rays. This kind of experimental setup has been previ-
[3,4], have indicated interesting structure features for ously used for similar inelastic scattering stud&$)].
the neutron rich boron isotopes, in particular 8B, In this Letter we refer to gamma-ray multiplicity as
predicting a halo. The analysis of the reaction studies the number of different Nal(Tl) crystals hit for a sin-
[3,4] however assumes the cdRB to be in its ground gle event. In case of multiplicity: 2, for example, the
state. The structure &fB is also interesting to inves-  total gamma energy is given by sum Bfitl + ghit2,
tigate because magnetic moment of the isotopic chain This includes independent hits in the two different
shows a rapid decrease as one goes to more neutrorcrystals as well as correlated hits. Correlated hits are
rich isotopeg5]. The large quenching fdr'B was as- events where there are Compton scattered gamma rays
cribed to be due to enhanced contribution of two neu- from one crystal to another. The detection efficiency
trons coupled toJ = 2*. If this were true, this would ~ was measured by placing standard sources at the tar-
signify that in a corer n + n model of1’B, the 1°B get position. The full peak efficiency including up to
core could have a significant probability of existing in  hit multiplicity = 2 was around 26% with the 661 keV
the excited state. This kind of core-excited configura- line from137Cs source. The 1173 keV, 1332 keV lines
tion has so far not been considered in previous struc- from 89Co source yielded efficiencies of 14% and
ture studies on this nucleus based on interaction cross12%, respectively. A polynomial fit to these data were
section[3], and momentum distributiof#] measure- used for deriving the efficiency at the observed gamma
ments. An experimental investigation of such structure ray energy for the boron isotopes.
is thus important. The present Letter has indicated an  The TDC spectra, triggered by an incident nucleus
evidence to this conjecture thereby giving us new in- and stopped by a gamma ray in the Nal(Tl) crystals in
formation on the ground state structure'@. More- coincidence with thé®B fragment, shows a character-
over, no information exists in the literature on excited istic two-component peak with ftarget. A time gate
states of boron isotopes beyoHtB. Thus, investiga- of ~ 10 ns was put around the narrow pedl;(oc =
tion on excited states fdP'1/B isotopes is expectedto 1.7 ns) that corresponded to the prompt events result-
provide interesting systematics of the isotopic chain. ing from the target. The wider peal{; o = 4.4 ns)
It maybe mentioned here that very recently (while the originates from non-target materials downstream of
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Fig. 1. Identification of boron isotopes after the target with sili-
con telescope in coincidence with Nal(Tl) array with single hit. The
black filled circles are data with arget, within time gate#,).
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cussed later. The Doppler correction was done event
by event with the beam energy determined for each
event from the calibrated time-of-flight measured be-
tween scintillators at the foci. The time-of-flight cali-
bration was done by tuning the separatonttZ = 2
particles and using a very narrow momentum slit. The
uncertainty of the target thickness introduces an error
of ~ 5 keV in the peak position determination.

The dynamic range of the measurement including
Doppler correction was 3€ E, < 2600 keV. The
low threshold was set in order to confirm (to the best of
ability) that theobserved transition corresponds to the
first excited state. In order to set such a low threshold
the higher end of the dynamic range had to be re-
stricted to 2600 keV. This however did not impose any
severe limitations on the easurement, because the
one-neutron separation energy ) of 1°B is 2.7 MeV
and the two-neutron separation energy,j of 1’B

the target. It was assigned so because only the peakis 1.37 MeV. Although, fo°B the dynamic range is

P> was observed in the data withous karget. The in-
tegrated events faP; was nearly 2.5 times more than
P2, in the gamma energy region associated with the
transitions observed for the boron isotopes.

The 1B scattered projectile and the reaction prod-
ucts after the KHtarget were detected and identified by
a silicon telescope (500 w2 mm-+2 mm+ 500 pum)
placed~ 90 cm downstream of the target. The parti-
cle identification (PID) was done usiyE—E. The
energy of1’B at the target mid-plane was around
43 A MeV. This energy was further degraded after the
target using thick Al plates (3 mm) to ensure the stop-
ping of the beam in the silicon stack. The Al degraders
were located at- 67 cm downstream of the target and
~ 20 cm before the silicon stackig. 1 shows a parti-
cle identification spectrunof all particles after reac-
tion target in coincidence with single hit events in the
gamma detectors after correction for thé&—F corre-
lation. The correction was done by polynomial fit for
the AE—E hyperbola and rotation, in order to make a
modified E-axis which then becomes independent of
the modifiedA E-axis.

To search for gamma transitions in the different

slightly below S,,, the first excited state for this nu-
cleus is predicted to be around 1.5 MeV by theoreti-
cal models as discussed later. The setting of the low
threshold was confirmed by data taken with standard
1334 source and also checked during setugpm
source placed at the target position.

All the gamma energy spectra were observed with
the narrow time window P1) discussed above for
prompt gamma selection. This selection window was
kept fixed for both target-in and target-out condi-
tions. This resulted in negligible amount of back-
ground events from target-out runs, at the peak posi-
tions.

Fig. 2(a) shows ay-ray spectrum associated with
17B after the target. A clear peak is seen at 1889
15 keV. The error includes 5 keV statistical contribu-
tion and 14 keV systematic contribution. The energy
add-back of gamma ray multiplicity 2 events yields
25% more statistics. No other significant peak is ob-
served within our dynamic range. The observed peak
appears consistent with the one observed in inelastic
scattering with carbon targgt0]. The grey points are
target-in data and black ogseare the data after sub-

boronisotopes, energy spectrum corrected for Doppler traction of the background from target-out condition.

shift was studied in coincidence with the particular
fragment identified at the silicon telescope. A confir-
mation of the Doppler correction was obtained from
the agreement in observed peak position for well-
known 953 keV!2B deexcitation gamma rays as dis-

The difference is negligibly small between grey and
black data at the peak region. This shows that the
prompt time-gated #;) data without H target does
not show any appreciable number of counts for a peak
at 1089 keV. Hence, the excitation is primarily associ-
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Fig. 2. The Doppler corrected gamma transition spectrum fot@)and (b)1B after interaction of-’B with H,, target, for single hit. The

grey points denote condition withaHarget. The black points denote spectrum after sutitraof non-target contribution. The dashed lines are
Gaussian fits to the peak.

ated with the H target. A large target-out background might contain a small fraction of the second excited
is observed only at very low-ray energies. state. Incidentally, some independent investigations
The gamma ray spectrum in coincidence with the suggest that the second excited staté ¥Brdecays by
two-neutron removal fragmeri®B shows a strong  agamma cascade 1407 and 1328 k@\0]. Thus, we
peak around 1343 keV (Fig.(l2)) fitted by a single fit the observed peak iRig. 2(b) by a two-component
Gaussian. However, the high energy tail of the peak Gaussian keeping the higher gamma energy fixed to
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1328 keV. This yields a value of 133610 keV for around 1089 keV, then a peak is prominently seen for
the strong peak if®B. The peak fitting is shown by  17B, but weak peaks also appear’®B. The gamma
the dashed line. Thus, a strong population of a level at energy around 1336 keV shows a strong peak ¥8r
1336+ 10 keV is suggested. It is also found that the and it appears weakly i#*1“B too. Interestingly, the
population of the second excited state is rather small 1°B gamma line does not appear for the hea@
(~ 20% of the total excitation). The total cross sec- isotope. Itis further noticed iRig. 4, that extension of
tion to both the excited states 8B was found to be  the 1089 keV (of’B) and 1336 keV (of°B) gamma
18+ 2 mb. lines to lighter boron isotopes is not a uniform distrib-
Similar to thel’B case, as seen from the small dif- ution along the particle identification axis, but appear
ference of the grey and black pointshig. 2(b), the as discrete peaks. This confirms that the weak peaks
non-target background is very small. Furthermore, it in lighter boron isotopes do not originate from a tail
is interesting to see, that the large background peakin particle identification. Furthermore, it can be ob-
at low gamma energies is absent in casé and served that these peak statistics is moref® but
will also later be seen to be absent for the other neu- less for'*B. This is expected if we assume that those
tron removal boron fragments as well. The origin of nuclei are produced by fragmentation reactions. The
the low energy background gamma peak is not fully production cross section of the odd—odd nuclédB)
understood. As a tentative explanation it is felt that is usually less than even—odd nucled$B). Thus,
the peak most likely originates from the deexcitation the observation of th&’B (1089 keV)y-line for the
gamma rays from®Al, which maybe formed by cap-  lighter boron isotopes is not due to a background from
ture of neutrons oA’Al (degraders). So itis arandom particle identification but due to the tertiary reactions.
background. Since the events associated to the beanlt means thatl’B was first excited to the 1089 keV
nucleus is much more than the fragments observed, it state by the Htarget, and after that it fragmented fur-
is observed appreciably for the events in coincidence ther into 1>~18 before reaching the SSD stack. The
with the beam only. tertiary fragmentation may occur from the reaction tar-
Excited states and gamma transitions are also ob- get itself or from non-target materials downstream of
served for the product$*B and 2B as shown in the target. The fraction of tertiary fragmentation in the
Fig. 3(a) and (b), respectively. The observeday en- target and Al degrader can be roughly estimated to be
ergy 956+ 10 for 1B is perfectly consistent with the  about a few percent using the fragmentation cross sec-
excited state of°B at 9531+ 0.6 keV[11] and thus  tion of 1’B. Larger contribution comes from the Al
confirms the validity of the energy calibration of the degrader. This estimate is close to the observed ra-

present measurement. The energy for thB@ tran- tio.

sition is found to be 654 9 keV. This is slightly We now compare our observations to the shell
lower than the previous observation (74@0 keV) by model [13] and AMD [14]. The predicted excited
multi-nucleon transfer reactioji2]. Unlike the well states are shown iRig. 5. Although the energy of the

established?B excited state, there exists only one pre- first excited state iA°B and'’B are different between
vious measurement on the low-lying excited state of two models, they lay not far from the presently ob-
14B where experimental uncertainty is large. Thus, the served energy. The decreasing tendency of the excita-
present value might be considered to be a new deter-tion energy fromt°B to 1’B predicted by the models, is
mination of transition energy fo¥*B. No peaks were  also consistent with the data. Therefore we can safely
observed for'®B since the first excited state 6fB assume that thg-rays observed fot>1/B are from
(3.48 MeV) is outside our dynamic range. the first excited state of these nuclei. This is further
In Figs. 2, 3we find that the gamma line associated confirmed experimentally from the fact that no other
with 1’B (1089 keV) also appears as a small peak in lower energy gamma transition (above 30 keV) was
15,148 To understand the origin of the appearance of observed for these nuclei. In addition, both the mod-
gamma lines of a boron isotope for lighter boron iso- els predict the spin-parity of the first excited state to
topes too, we look at the correlation between the par- be 5/2°. Therefore it might be possible to tentatively
ticle identification and the Doppler corrected gamma assign thesg-ray transitions from thés/2)~ first ex-
energies irFig. 4. If one observes the gamma energy cited states of°B and!’B. A confirmation on this as-
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Fig. 3. The Doppler corrected gamma transition spectrum for4@)(b) 12B fragments after interaction fB with a H, target. The grey
points denote condition with ftarget for single hit. The black points denote spectrum after subtraction of non-target contribution. The dashed
lines are Gaussian fit to the peak.

signment by different experimental investigation will in between the values predicted by the two models. On
be useful. the other hand it is felt that such data will be able to
The choice for the appropriateness of a particular provide a guidance to refine these theoretical models.
model (AMD or shell model) to be more favorable for The two-neutron separation energy f&fB is
explaining the structure of these nuclei seems to be a1.34+ 0.170 MeV while the one-proton separation
difficult judgment from a comparison with the data, in energy is 2122+ 0.530 MeV. In addition to this ex-
terms of excitation energy alone. The data seems to lie tremely weak binding of the neutrons, the neutron
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pairing energy is reduced for neutron rich nugles]. however needs further studfable 1summarizes the
These conditions suggest that those states are mad@bservations on gamma-ray peaks as discussed above.
mainly by neutron excitation. The decreasing trend of ~ An abundant production of the 133610 keV (first

the excitation energy, of the/3~ state, with neutron  excited) state of°B with small fraction of the sec-
excess for the boron isotopes is also a reflection of this ond excited state, makes it an important observation
fact. Whether it is solely a neutron excitation or not since it suggests a new configuration for a cpret+n
model of thel’B ground state. The yield dB ex-
cited state is nearly twice as much'dB excited state,
which shows that the production &B in its excited
state is not a process of excitation followed by breakup
or vice versa. The observation suggests thatltiie
has a large component of the¢5 excited state of
158 core combined with the valence two-neutrons cou-
plingtoJ = 2*. A quantitative estimate on the amount

' of 1°B excited component ir’B from this data is

8
Z i
=
Table 1
Summary ofy-ray peaks observed for the different boron isotopes
; B ) ) Nucleus y-ray peak energy [keV] Spin/parity
e R 178 1089+ 15 5/27)
o T o - 158 1336+ 10 (5/27)"
Dyt ] L , 1407 (7/27)
500 1000 1500 145 65449 1a
Ey [keV] 2 95610 2th

) ) * Tentative assignment from comparison to models, see text for
Fig. 4. Correlation of mass ID and Doppler corrected gamma tran- etails.

sition energies. Weak peaks are seen for 1089 ke'?iand13B. a Ref.[12].
Weak peaks are also seentftB and13B for 1343 keV. b Ref.[11].
(a) b
m__sos |
—— 7/2" 2.617
27430000 | —mm————
127 2268
527 __ 163 z_18
72" T 163 ——————e-
27 148 172 1.63 573" 152
1.336+0.01
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2" 06l 52 055
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EXP AMD Shell Model EXP AMD Shell Model
153 17B

Fig. 5. Level scheme of (dPB, (b) 17B. The thick solid/thin solid/dashed lines are the levels predicted from experimentfaBlzhell model
[12]. The energy units are in MeV.
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discussed in the subsequent paragraphs. This observa

tion also agrees with the conjecture from the magnetic
moment studiefb] on the importance on valence neu-
trons coupled to/ = 2*. Thus a new configuration in
the structure ot’B ground state, compared to the con-
clusions from Refg[3,4], has to be included.

In order to estimate the fraction of cor®B) ex-
cited component id’B, we derive the inclusive cross
sections of the total amount 6fB and'®B nuclei af-
ter the target. The interaction cross section @ is
found to be 83at 250 mb. The inclusive two-neutron
removal cross section 8fB — 15B, (at 43A MeV)
is 33+ 15 mb. In comparison, the cross section of
Ref.[4] at 80A MeV, scaled by am?/2 factor for tar-
get difference, suggests a probable value a£42mb.
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Fig. 6. Excitation energies of the odd-mass boron isotopes. The

The cross sections are thus found to agree within error fjjeq squares show the possiblgZ states, while the open circles

bars. Glauber calculations fé?C [16] show a rather

mild energy dependence of the neutron removal cross

section, thus the comparison of the neutron removal
cross sections of the present data and that of [gf.
is justified.

A rough estimate for the fraction of core excited
component in the ground state bfB is made using
the overlap region of the inclusive cross section for
158 from present data (3% 15 mb) and the scaled
cross section of Ref4] discussed above (429 mb).
The ratio of this'®B inclusive cross section (46
8 mb) and the cross section®B in coincidence with
gamma rays (1& 2 mb) shows that nearly 33—-47% of
the core might be in the excited state. It maybe men-
tioned here that neutron evaporation leading to two-
neutron removal might be an alternative reaction pos-
sibility. This however does not contradict the main
conclusion about®B core being in its excited state
inside’B.

The observed fraction of°B core in excited
state may make it possible to explain the observed
magnetic moment forl’B. For example, if there
is 40% core excited state component. Then, from
the above discussion on two excited states, we
may expect 32% of this to be associated with
the first excited state and 8% to the second ex-
cited state. This may givgicaic = (0.60)" 1 p3/2 +
(0.32)u([7p32l ™t ® [(vd5/2)§/2+(VS1/2)]2+) +
(0.08)" 1 ([(p3/2)3T (mp1/2) 1% @ [(vds/2)4l?). In
the first term,u,3/2 is the single particle value and
is given by 3.80. It arises from configurations of the

are the }2~ states.

form w([7p3/2] ™ © [(vds/2)a]®") or p(lmpsel ™t ®
[(vds/2)3" (vs1,2)971°%) corresponding to the'B
core in ground state. The magnetic moment for the
second term is 0.45 and third term 4sl.22 [5,17].
These correspond to the excited states3®. Thus
the observed mixing ratio coefficients leaditgsc =
2.33uy which agrees with the experimental value of
(2454 0.20)uy. It should be noted that the exact
configuration of the excited states is not known. So
in the above estimation we have chosen the two com-
ponents with neutrons forming = 2, which have
the larger probability predicted by shell model. The
present data shows a larger fraction of core excited
component compared to shell model predictions for
the different configurationl7]. It maybe mentioned
here that the magnetic moment predicted by AMD cal-
culation[14] also agrees with the experimental value.
In summary, new observations on excited states
of B and its fragmentd®>14148 are reported from
gamma spectroscopy measurements following inter-
actions of1’B with a hydrogen target. The gamma
transitions were observed féfB at 1089+ 15 keV,
and for!®B at 1336+ 10 keV, which can be associ-
ated with the 32~ first excited states for these nuclei
predicted by the shell model and by the AMD model.
The gamma transition observed #6B at 654+ 9 keV
is slightly lower than the excited state observed by
multi-nucleon transfer reactionBig. 6 shows a sum-
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