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Two-proton pickup reaction (°*He,®Be) on **C, 0, and *°F
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The first results are reported ¢fHe ,®Be) two-proton pick-up reactions offC, %0, and*®F nuclei. The
measurements were done with an 18 MeV beanPldf, ‘LiF, °Li,COs, and *2C targets. The measured
angular distributions for thé*C(®He 2Be)'°Be (g.s) and *°C(®He Be)'’Be’(3.37 MeV) reactions show a
clear signature of a direct process. Although the contributions fronflithHe ®Be)*H reaction were ob-
served, no clear extraction of tel data was possible.
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I. INTRODUCTION =5.18 MeV, (**C,'%0), AE=6.05 MeV, and (*30,%°Ne),

Two-nucleon transfer reactions have been extensiveIWE:l-63 MeV. . idfie 8
used for the study of nuclear structure and also for the deter- ReSUlts for a new two proton pickup reactidfie, "Be),

mination of nuclear masses close to the drip lines. Among'® reported in this paper. Thele nucleus is known to have

them the two-proton pickup reactions are the least investiynusual, Borromean structuif@] with two loosely bound

gated mainly due to their inherent experimental problemsn€utrons orbiting around am-particle core. Reactions with
Compared tap,t), (p,3He) and even(n, t) reactions, experi- radioactive’He beams have been studied extensively in last

mental results fotn,*He) reactions are very scarce. For ex- few years(see, e.g., Ref4] for a recent compilation Elas-

. : tic scattering, charge exchange reactions, breakup reactions
ample,(according to the CINDA databagehe angular dis- 514 transfers of valence neutrons onto different targets have

trib%ion for a(n,’He) reaction has been measured only for peen ysed mainly to investigate the exotic structuréHsf
the *'Ca nucleuq1]. With heavy-ion two-proton pickup re- jtself. Nevertheless, 8He beam may be used to induce a

actions, in most cases, one is confronted either with th&ariety of reactions in order to study exotic states in other
shadow peaks in the spectra corresponding to differentuclei, especially light ones.

particle-bound states of the detected ejectile, and/or with the Although rapidly improving over the last decade, radioac-
problem of the clear separation from neighboring isotopestive nuclear beams are still of very low intensity and quality
One reaction which does not have these problenfd. is®B) with respect to stable beams and this is, of course, the main
because the ground state®8fis the only particle-stable state experimental problem of measuring ttfe ®Be) reaction.
of the nucleus and becau&® and®B are unbound?2]. How-  The use of a detector setup that covers a large solid angle and
ever, this reaction suffers from inadequate overlafiLofnd ~ which has fine angular segmentation can partially compen-
8B wave functiong2] and highly negative) values. sate for this disadvantage.
With A< 20 stable and radioactiv@,,>1 min) projec- From a spectroscopic point of view, tii¢He ®Be), reac-
tiles there are in total severpdickup reactions with ejec- tion has several important advantages compared to other
tiles having only one particle bound staftheir ground two-proton pickup reactions mentioned above. First, both
statg: (n,*He), (°Li, ®B), ("Be.,°C), (*°B,™N), (*'B,*™N), °He and®Be have 0 ground states. The only other such
(*2C ,0), and (**N,Y7F). There are also five reactions with reaction with no particle stable excited states is(th€ ,“0)
ejectiles having the differenc&E, between the ground and reaction, recently used for the spectroscopy of exotic states
the first excited bound state higher than 1.5 M&®e ’C),  in light nuclei[5,6].
AE=2.00 MeV, (*°Be,'?C), AE=4.44 MeV, (*3C,*°0), AE Another important advantage of tii#He ®Be) reaction is
its Q value. With a very high g-separation energy ifBe
($,=27.23 MeVj, there are only eight stable nucléiHe,
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[31]*% -0.179[22]"'S -0.030, etc(similar wave functions 2 a0 f 26 8m 10
were obtained also by Barkés]). 2 120 | C(He, Be) "Be
Finally, there is also an important experimental advantage © Eiﬁ%hgev
of the (°He ®Be) reaction. The®Be nucleus in its ground 100 ¢
state is particle unstable by 92 keV for the decay into two 80
particles. Such a small decay energy makes awparticles 60 |
from this decay very close in space and energy. The coinci- 40 |
dent detection and mass identification with a highly efficient a0 b
and segmented detector systésuch as the one used in the K HJJJI..A“I"I
present experimeptllows the simple and clear detection of 0 * ]
two « particles coming from the decay of ti&e ground 50
state. LAMP1
With such a simple identification §Be and favorabl&) wr
values, wave-function overlaps and spins/parities of ground 30 |
states, as well as small energy loss and low kinematic spread,
(°He ®Be) reactions may become an additional spectroscopic 20r
tool in studies of neutron-rich nuclei. Indeed, in this paper it 0} )JJ][LLHH-LIJL\,\;
is shown that interesting results can already be obtained us- i
ing currently available radioactive beams of limited quality. 0 T 2 3 4“"”2 . s 7 8
E (“Be) [MeV]
Il. EXPERIMENT

. . . FIG. 1. The %Be excitation spectrum obtained from the
The experiment was performed at the radioactive beamec 6o 8¢)1%e reaction atE,,=18 MeV for detector arrays

facility in Louvain-la-Neuve[9]. The average intensity of | gpa (top) coveringf,=4° —12° and LAMP(bottom) covering
®He" beam at the target was5x 10° pps and the purity of flap=20° —65°.
the beam was excellelthe only detected impurity was the
easily recognizable HeHions [10]). Outgoing charged par- given in Fig. 1. The LEDA spectrum has much better energy
ticles were detected in three large silicon strip detector arraygesolution mainly due to the smaller angular opening of
(300 um thick) [11]. The angles covered wem@=4°-12°  strips in the array. In both spectra the ground state is the
(detector array “LEDAJ, 20°-65° (detector array strongest populated state, also with a rather strong population
“LAMP1"), and 115° —160¢detector array “LAMP2jJ, with  of the first excited state &,=3.37 MeV. The quartet of
A¢=2 for all of them. The number diBe events at back- states atE,~6.0 MeV could not be resolved in LAMPL.
ward angles(in LAMP2) was very small. The total solid This also applies to the doublet &~7.5 MeV. In the
angle wasA(Q)~4 sr. A total of 320 strips were used; such a | LEDA excitation spectrum, there are two peaks aro@d
highly efficient and segmented detector setup is especiallg 6.0 MeV; the stronger one corresponding to tHead T
efficient for ®Be detection12]. Information on the mass of states aE,=5.96 MeV(the 2" state probably having a stron-
detected particles was obtained by the time of flight methodger populatior{16]) and the weaker ongby a factor of=3)
The experimental setup is described in more detail in Refso the 0" and 2 states aE,~6.2 MeV. The population of
[13-13. the second 2state at,=5.96 MeV is weaker than the one
Monte Carlo simulations have been performed to deducgor the first 2 state, although the transition to the former one
the efficiency ofBe detection for each reaction as a functionhas a much larger theoretical strendfl6]. Similar results
of ®Be energy and angle and this was found to be very highhave been obtained from other two-proton pickup reactions
(=20% —70% for ®Be energies higher than 2 MeV and for on 1°C [2,17-20Q.
a large part of the detector arragesxcept for their edges The experimental angular distributions given in Fig. 2 are
The kinematics and geometry of the detector system, spatbviously forward peaked. Since this could indicate that the
size of the beam and its offset, energy thresholds, multipleeaction proceeds via a direct mechanism, the results were
hits in a single strip, and other effects were included in thecompared with the DWBA predictions. The calculations, in
simulations. All the excitation spectra shown later are corthe framework of the finite-range distorted-wave Born ap-

rected for the calculated efficiency. proximation (FRDWBA), have been performed with the
computer codeReSCO[21]. The transferred pair of protons
IIl. RESULTS FOR 2C TARGET was treated as a cluster with internal quantum numhers

=S=0, and the formalism of the one-step one-particle trans-
A '2C target with a thickness of 105g/cn? was used in  fer reactions was used. Optical potentials with volume ab-
the measurements and the total number of beam particlesorption for the entrance and exit channels were taken from
interacting with this target was 2:310'. Results for the Refs.[22,23.
elastic and inelastic scattering, as well as for f@&(°He ) The angular distributions are normalized to the most for-
reaction are given elsewhef#4,15. ward experimental points. The agreement of the DWBA cal-
The 1%Be excitation energy spectra obtained from theculation with the shape of the experimental data is satisfac-
12C(°He ®Be) reaction for two forward detector arrays are tory, which supports the assumption that the direct reaction
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FIG. 2. The experimental angular distributions of the

12c(®He °Be) reaction forming the ground and first excited state of ~ FIG. 3. The composite spectrum of tk®He ®Be) reaction on
1%8e, compared with the FRDWBA calculations. the (a) "LiF target and(b) SLiF target(both with carbon backing
The ¥'N excitation energy is given on the axis. The data were
ollected with®Be detected aflj,,<12°. The energies of the fifteen
owest-lying*'N states are marked with arrows. Peaks correspond-
ing to the'*C(®He 2Be) reaction are labeled as%Be”.

mechanism is dominant even though the incident energy i
only 3 MeV per nucleon.

Although the performed DWBA calculation is not in-
tended to give the precise fit to the data, it is interesting to
note that the ratio of extracted spectroscopic factor$tate atE,=1.91 MeV). This state is considered as twg,
S,./S,.~2.9 is in very good agreement with the ratio of Proton holeswith J=0) coupled to thek=1/2" band in**F
spectroscopic strengths for these sta@gg/Dyac=2.3, [27] SO it shouldbe strongly populated in the two-proton
as calculated by Cohen and Kurathé]. The differential ~ Pickup reactions.
cross sections in Fig. 2 are a factor of more than 20 larger This two-proton pickup spectrum can be compared with a
than those quoted for tHEC(°Li, ®B) reaction[2] at an in-  One-proton pickup spectrum obtained with tHe(d,*He)
cident energy of 13.3 MeV per nucleon, illustrating the ad-reaction at4=52 MeV [28]. The significant difference be-
vantages of the(®He ®Be) reaction discussed above. Of tween these two spectra is a very strgng population of the
course, one should not forget the lafié beams intensities 3/2° state atE,=5.52 MeV in the™0(d, "He) reaction(due

as a major advantage OqLI! BB) reactions. to its p§/12®1809.s. Configuration[ZS]), while the doublet at
E,~1.9 MeV is populated rather weakly compared to our

results. The state &,=2.53 MeV is barely visible in Fig. 3

IV. RESULTS FOR ’Li TARGET whereas it is populated rather strongly through the
6yma i : o ¥0(d,®He) reaction.
The "He +'Li reactions were studied with a 44@g/cn? With the “LiF target one could also search for tfkl

thick Li target (isotopically enriched ifLi up to 9999 on  contributions through thé.i (*He 2Be) reaction. The thresh-
the _50,ug_/cr_nz carbon backing. The total nlumber of beam g4 for the®He +7Li — 8Be+t+2n events in Fig. &) is above
particles incident on the target was Xa0'. Results for the second **Be” peak. However, in the region of interest
elastic scattering and other reactions are given elsewher@everm MeV above the thresholthe extraction of the
[15,24,23. events corresponding ftH was not possible due to strong

The measurelBe spectrum for this target gs gi\éen 'f; Fig. contributions from other reactions, as well as large influence
3(a). Since most of the peaks are due to tPe(®He ®Be)*'N of the detection efficiency.

reaction, thé’N excitation energy is given on theaxis. The

0,
two lowest states ot’Be are also very strongdue to the V. RESULTS FOR °LiE TARGET
carbon backing of the target
Some of the known low-lying’N states[26] can be rec- The ®He +5Li reactions were studied with a 498g/cn?

ognized in the excitation spectrum. The strongéstpeak at  thick °LiF target(isotopically enriched iffLi up to 96% on
E,~1.9 MeV most likely corresponds to the I7/8tate at the 60ug/cn? carbon backing. The total number of beam
E,=1.85 MeV (the other state of this doublet is the 5/2 particles incident on this target was X@0'. Results for
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£ excitation energies of 2—5 MeV which is completely absent
2250 | °Li,CO,(He,’Be) E=17 MeV from theLiF part of the figure. This “background” can also
© be seen for théLiZCO3 target though the situation there is
much less clear due to the worse resolution.

The main difference between these two targets is in the
lithium isotope so one is tempted to check if this “back-
ground” might be coming from théLi (®He ®Be)*H reaction.
The two spectra of Fig. 3 were therefore subtracted taking
into account the differences between the thickness ot%Re
and carbon backings in the two targets. The resulting spec-
- - - - - - trum has a wide structure with the center aB.5 MeV
2 4 6 8§ 10 1 M4 above the®H+n threshold. This seems to be in agreement

E(7C) [MeV] with the results for théLi(°Li, ®B) reaction measured at 80
and 93 MeV[30] and the*H level diagram from the most
recent compilatiorf31].

However, our results for th#He +°Li — 2a+t+n reaction
obtained from triple coincidencd45,25 show that such an
interpretation is still not clear. Namely, it was found that
. . . . most of the events with forward detect®8le and backward
elastic scattering and other reactions are given elseWherc?etected triton proceed through the sequential decay of the
[15,24,23. °Be nuclei produced in th8Li(°He ,’Be)®H reaction. The

. The N excitation spectrum given in Fig.(8 is very sameevents produce a wide structure with the center at
similar to the one measured for tHeiF target. The most ~4.0 MeV above théH+n threshold if the*H excitation
obvious difference is a large number of “background” events, . .

in the region betweer,~2 and 6 MeV which cannot be
seen in the spectrum obtained with théF target(this back-
ground will be discussed in detail

FIG. 4. The composite spectrum of t&He ®Be) reaction on
the °Li ,CO; target(with carbon backing The *“C excitation en-
ergy is given on thex axis. The data were collected wiflBe de-
tected atf,,<<12°.

the search for the clediH resonances for the present low
quality data was not attempted.

The “contamination” of th&Be events with the sequential
decay of®Be (or °Be) might be a general feature of the
VI. RESULTS FOR °Li,CO; TARGET (°He ®Be) reaction when particle unstable states of light nu-
clei are investigated. Such reactions have at least four par-
ticles in the exit channel and the precise determination of the
reaction process is not trivial. By detecting most of the pro-
duced particles in coincidence ambiguities in the data inter-
pretation can be minimized.

In the first run of the experimerji.3] the ®He +°Li reac-
tions were studied also with a 6Q@y/cn? thick Li,CO;,
target (isotopically enriched in®Li up to 96% on a
50 ug/cn? carbon backing. Both the energy resolution and
statistics were worse than in teiF target casgand the
beam energy was 17 MeV rather than 18 MeXpart from

the two lowest states dfBe, the®Be spectrum was domi- VIIl. CONCLUSION
nated by the peaks produced in tH®(°He ®Be)'“C reac-
tion. The (°He ®Be) reactions orlLiF, °LiF, °Li,CO;, and*?C

The 1“C excitation spectrum is given in Fig. 4. TH&C  targets have been studied with &18 MeV °He radioactive
ground state and two unresolved statesEa&6.90 and beam. The measured angular distributions for the
7.01 MeV are clearly seen in the spectrithe 0" state at  °C(°He ’Be)'Be(g.s) and **C(°He °Be)'’Be’(3.37 MeV)
E,=6.90 MeV having unnatural parity is probably only reactions show clear signatures of a direct process. The
weakly populated in this reactipnThe *“C state atE,  pickup of two protons fromt°0 and®°F was also observed.
=8.32 MeV is mixed with the first excited state ¥8e. The  The *H resonance centered at3.5 MeV (above thet+n
surprising difference between the spectrum in Fig. 4 andhreshold was found in théLi(°He ®Be)*H reaction, but the
other published results for two-proton pickup frdf is the  data were contaminated with the neutron decay of’Be
relatively strong peak #,=6.1 MeV in the'’C excitation  after the®He +5Li — °Be +t reaction.
spectrum. It coincides with th&’C 1~ state which has a  The (°He ®Be) two-proton pickup has a potential as a
P12® $12 configuration of two neutronsee Ref[29] for the  rather simple reaction with respect to both experimental
detailed discussion of'C spectroscopy No alternative in- method and reaction dynamics. The measurement of this re-
terpretation for the appearance of this peak was found. Aaction with the same targets used here, but at higher beam
expected, the second 6tate aE,=6.59 MeV is not strongly  energies, may provide interesting results and establish this
populated since it is not p-shell statg29]. reaction as a standard spectroscopic tool for studies of exotic
nuclei.

With the rapid improvement of radioactive beams one is
tempted to consider other possible, exotic reactions. For ex-
As already said, by comparing the spectra in patand  ample, the(®He,'°C) reaction can be used as a four-proton
(b) of Fig. 3, there is a “background” for tH&.iF target at  pickup process for spectroscopy of extremely neutron-rich

VII. THE °Li(°He,®Be)*H REACTION
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