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High-spin states i#3Sc have been investigated by using the in-bearay technique with thé’Al (*°F ,p2n)
reaction at 50 MeV. Thd™=(17/2) level at 4382 keV, thd™=(17/27,21/2) level at 4633 keV, and some
higher-lying levels were newly identified above td&=19/2" high-spin isomer, while the quasirotational
structure built on the™=3/2" state has been extended up to the terminalifig(27/2") state. The energy
levels of the observed positive-parity quasirotational band were consistent with the prediction of the shell-
model calculation in0ds,,, 0f7/,, 1ps;2 model space, while thé™=(17/27,21/2) level at 4633 keV could
not be reproduced by the calculation{®f 1p} model space.
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I. INTRODUCTION of a high-spin state at a low energy relative to the isomer
43 ) ) i ___could be a signature of such a large deformation since the
The *°Sc nucleus has a relatively simple conflgurauon,high_j orbit like Oggy, lowers in energy with increasing de-
only one proton and two neutrons are coupled to the doublyormation.
magic “°Ca core. Within this simple three-particle structure, ~ Another interest exists in the positive-parity states. A col-
one can expect an existence of the terminatifig19/2°  |ective bandlike structure built on tHE=3/2" state has been
state. Indeed, such a state is known to exist as Xhe known up to theJ™=15/2" state[4,5]. An interpretation as
=19/2 high-spin isomef1,2], which can be described well the possible K™=3/2" rotational structure built on the
with the “three - particle #°Ca core.” In the meantime, posi- {fp}*{sd;™* configuration has been studied theoretically by
tive parity levels, which cannot be understood in {8&,,}2>  Johnstond8]. On the other hand, it is known that this band-
model space, based upon th&=3/2" state are also known like structure is well described also by tHéK+a cluster
to exist[3-5]. These levels frond”=3/2" to J7=15/2" with model [9-11]. If this bandlike structure has a predominant
regular energy spacing conform to a bandlike structd. {fp}*{sd™* configuration, one should observe the decreasing
transitions in this bandlike structure are rather enhariégd E2 collectivity as the angular momentum increases and ap-
Thus, the**Sc nucleus exhibits both collective and single- Proaches the maximum value of 27/2 in this configuration.
particle characters in its yrast region, and provides an inter! "en. finally theJ7=27/2" terminating state should show
esting testing ground for the study of the interplay betwee p, which has not been observed until now. In the meantime,

the sinale-particl d the collective d f freedom ifigh-spin levels of)™=(25/2"), (23/2"), and (19/2) have
thg ﬁ:?Cgleei rr::;rlctﬁeagose; Scr?e”e.c Ve degrees of freedom | been identified by Sheppaed al.[12] as being the high-spin

The J7=19/7 isomer in“3Sc is expected to possess g Precursors of the”= 19/.2 isomer. Thgse Ievgls have _bleen
sizable oblate deformation g8~ ~0.07 from the measured gfr%igcﬁpastlig?lrel?tﬁZsr:aal\g\r/]gI: aF;;etdhoemP:igher/-z'}spei?l{?r?eglr%}bers of
quadrupole momer{/] andg factor [2]. Although one may .| wer ving bandlike structure built on the=3/2" state,
not naively expect a rota‘uonal. band built on the ISOMET,ohe should observe a transition connecting dRe (19/2%)
search of the low-energy transitions from the hI(~:]h(_:‘r'lymgand J7=15/2" states with a relatively large2 collectivity;
levels to theJ™=19/2 isomer is very interesting from the !

. . ; ; no suchy-ray transition, however, has been identified so far.
following points of view.(a) The existence of a low-energy —\qtivated by the above-mentioned interests, we carried
enhancede2 transition should be evidence of a collective 5t an experimental study of the high-spin state&38c. In

excitation of the isomer itself; such a collective excitationthiS paper, we present the results of the experiment and dis-

has not been observed ygb) Although largely deformed 55 the high-spin structure of tA&c nucleus.
states in**Sc have not been discovered either, the existence
Il. EXPERIMENT AND RESULTS

The experiment was performed at the Japan Atomic En-
*Electronic address: morikawa@kutl.kyushu-u.ac.jp ergy Research Institute (JAERI) by using the
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2TA1(*F ,p2n)*3sc reaction. Thé®F beam of 50 MeV was The ADO ratio[15] was also analyzed in order to deter-
delivered from the JAERI Tandem Accelerator. The targetmine the multipolarity of the observegray transitions. The
was a 0.92 mg/chthick 2’Al foil with 10 mg/cn? "Pb  ratio was defined aRxpo=1,(147°)/1,(90°), wherel (6) is
backing. Prompt- and delaye@d-y coincidence events within the intensity measured by Ge dete¢$prpositioned até,
the time window of +800 ns were recorded by thgay  with the gates being set on the coinciderrays in any of the
detector array GEMINI-I[13] consisting of 16 HPGe detec- other Ge’s. The ratio was calibrated by using the known
tors with BGO anti-Compton shields. The detectors were potransitions: 0.7@) for the stretchedsl transitions in**Ca
sitioned at 47°(4 Ge’s, 72° (2 Ge’s, 90° (2 Ge’s, 105°  and 1.343) for the stretcheds2 transitions in**Ca, respec-
(4 Ge’y, 144° (2 Ge'y, and 147°(2 Ge’y with respect to tively. In the present analysis, the ADO ratios for the known
the beam direction. The Ge detectors were calibrated by usransitions in*3Sc were found to be consistent with the mul-
ing y-ray sources of®Eu, *8Ba, and*®Co. The data were tipolarities reported in the literaturg8—5,13.
off-line sorted into 4 X 4k -+ correlation matrices. Based on the coincidence relatiom;ray energy sums,
Some fasty-rays showed Doppler shift due to the large recoil velocitiesB, ADO ratios, andy-ray intensity balance,
recoil velocity caused by the use of a heavy projectile. Fronwe constructed the level scheme®d®c as presented in Fig.
the analysis of the Doppler shifts, mean lifetimes of the2. They-ray energies obtained in the present analysis involve
short-lived levels could be deduced, where the stopping prathe uncertainties of-1 keV for stopped peaks and 1-2 keV
cess of recoif*Sc has been simulated by using the stoppingfor shifted peaks due to the nonlinearity of the electronic
power calculated by the prograsriM2003[14]. In Fig. 1, a  apparatuses and the peak-fitting errors for broadened small
typical y-ray spectrum measured with the Ge detectors apeaks, although the energies for known transitions are in
0,=90° gated by the intense prompt transitions*i#c is  agreement with those evaluated in Ref6,17 within the
presented, together with the one Doppler-corrected andrror bars. We therefore primarily employed those evaluated
delayed-gated across thi&=19/2 isomer. In the latter spec- values for most of the known transitions. For some transi-
trum, one sees the fast transitions of 1259, 1510, 3158, anibns, however, we determined the energies from the present
3691 keV, all of which do not coincide with the transitions analysis so that the level energies and transition energies are
among the known positive-parity states. It is also seen thatonsistent within the uncertainties.
the stopped peaks at 1609, 2211, 2394, 2614, and 3306 keV
split into separated peaks depending on the Ge positions
(0,’s) after the Doppler correction, where the 1609-, 2211-, Il. DISCUSSION
and 2614-keV transitions were frofm,n’y) reactions on
209j (BGO shield, 2’Al (target, target frame, and champer
and?%%Pb (lead collimator of the detectprrespectively. The Several transitions feeding to the negative-parity states
energy of the relatively broad peak at 1648 keV fits in withwere newly identified from the analysis ofray spectra
the energy difference between the 1510- and 3158-keV trarmade by setting delayed and prompt gates on the transitions
sitions, implying that the 1510- and 1648-keV transitions areof 136, 1158, and 1830 keV. The 1259-keV and 1395-keV
in the cascade relation and in parallel with the 3158-keViransitions were assigned as deexciting a new level™f
transition, which could not be clearly confirmed, however, by=(17/2") at 4382 keV from the following observationgdl)
the y-y coincidence relationship due to the insufficient sta-Both the 1259-keV transition to th&'=19/2 level and the
tistics. 1395-keV transition to thd™=15/2 level showed the di-

A. Negative-parity states
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pole character(2) The energy difference between thege schematic interaction; the SDI parameters used are the same
rays was found to be the same as that betweenJfhe as those used in the calculation of positive-parity states dis-
=19/2 andJ"=15/2 levels within the experimental accu- cussed later. The level energy of tife=(17/2") state as well
racy. (3) The Doppler shifts of both transitions gave almostas those of thd™=11/2",15/2", and 19/2 states is in good

the same recoil velocitieg) of 0.02825) for 1259 keV and agreement with the shell model calculations. In Table I, the
0.028315) for 1395 keV, respectively. The 1510-keV tran-

sition may attract one’s attention because of its lowness of —
the energy compared with those of transitigiesher than 10| “3Sc Negative Parity Levels Fanl B
1259 ke feeding to the high-spin isomer. The ADO ratio of EXP =— ‘
0.86(11) for the 1510-keV transition suggests its dipole char- __ 8} Fppg === A
acter, i.e.,M1 or E1, which should be deexciting the state 3 SD| ==

with J=(17/2,21/2. Since noy rays in the positive-parity -y

yrast states were found to coincide with this 1510-keV tran- & Ty

sition, the assignment as beirigl may be unlikely. The L%’ 4= / -

3158-keV transition also showed a stretched-dipole charac-
ter. The 1648-keV transition was tentatively placed between

N
!
\
E‘
ok

the 6281-keV and 4633-keV levels based on the energy re- i

lation. The 3078-keV transition is either=1,AJ=0 or A ol {' . . . . . . .

=2,AJ=2. 72 92 11/2 13/2 15/2 17/2 19/2 21/2
To investigate the observed levels, shell model calcula- SPIN

tions were performed by using th¢-coupled shell model

code jjSMQ[18]. As to the negative-parity states, the calcu- FIG. 3. A comparison of level energies between experiment and

. . shell model calculations for negative-parity states. Solid lines are
lation was made by taking account of the {lif1p} space the experimental data. Dashed lines and chain lines indicate

V;?th thelreg(jllstla_et:\]e:Eve |/nteract|on FPE[69].kIn Flg.dS,h the shell model calculations by FPD6 and SDI, respectively. The
the newly identified)”=(17/2') state at 4382 keV and the FPD6 calculation was made in fullfp} space, while the SDI

J7=(17/2,21/2) state at 4633 keV, as well as the kn_own calculation was done in  #{Ods,{0f 1 {1pa/st5 ]
yrast states of negative parity, were plotted as a function of ,{{0d,/,}™(0f-,,}"{1ps/2t8 ™ "] model space with a limitation of
angular momentum in comparison with results of the shelb<|<2 and 0<n=2. The lowest three levels and two levels are
model calculations. In this figure, results of the calculationplotted for the FPD6 and SDI calculations, respectively. A newly
by using the surface delta interactig8DI) [20—24 were identifiedJ™=(17/2",21/2) state at 4633 keV is indicated as dot-
also shown so as to give a measure of the goodness of thed lines.
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TABLE |. A table of electromagnetic moments and transition probabilitieéssf:. BE2) and BM1)
values are listed in Wiesskopf urtv.u.), while magnetic moments an@ moments are given imy and
efm?, respectively. A common “size parameter,” estimated frioir 41A-Y3 MeV, of harmonic-oscillator
wave functions was assumed. For both the FPD6 and the SDI calculations, the same effective charges and
effective g factors have been used,=1.33, €,=0.64,g4(1S)=1.67,g4(1V)=5.08, g,(1S)=0.38, andg,(1V)
=0.33[19]. Level energiesE;) and transition energied,) are given in keV.

ar Jr E; E, Exp. FPD6 soi
712 0 w 4.624)° 458 4.14
717 0 Q -26(6)° -18.4 -17.9
11/2 712 1830 1830 E2 15.424)° 4.47 4.16
15/2 11/ 2987 1158 E2 5.48)° 4.74 4.35
19/ 3123 Q -19.914)° -22.8 -22.0
19/ 3123 u 3.1227)° 3.32 2.83
19/2 15/ 3123 136 E2 2.934)° 2.91 3.15
17/2) 19/ 4328 1259 M1 0.21)*° 1.06 1.13
(17/2) 15/ 4328 1395 M1 0.072)*°¢ 0.24 0.27
3/2¢ 152 u 0.3486)° -0.38
712 3/2 1337 1185 E2 21(8)° 9.8
9/2t 7/2 1931 595 M1 0.0094)° 0.085
9/2t 7/2 1931 595 E2 3.219° 5.93
9/2t 5/2 1931 1051 E2 16(5)° 11.7
11/2 9/2 2552 621 M1 0.10917)° 0.20
11/2 7/2 2552 1215 E2 18.¢ 14.3
13/2 9/2 3141 1209 E2 <45 12.7
(19/2% 15/2 5518 1763 E2 >7.6° 11.2
(23124 (19/2%) 6429 912 E2 5.76)° 9.9
(25/2%) (23124 7356 927 M1 0.143)*¢ 0.13
(25/2%) (23124 7356 927 M1 0.6518)° 0.13
(25/2%) (23124 7356 927 E2 <2' 0.48
(27124 (25/2%) 8828 1472 M1 0.102)° 0.12

dCalculated with conditioril) described in the text.
PFrom Ref.[16].

“Present work. Starre(f)= assumed to be pufdi.
YFrom Ref.[6].

°Present data + the lifetime data in REE2).

'From Ref.[12].

measured transition probabilities and electromagnetic mospond to the levels defined by the newly observed high-
ments are summarized together with the results of sheknergy(=3 MeV) transitions feeding to the negative-parity
model calculations. It is seen that, except for thelevels. The absence of the correspondifig17/2 or 21/2
B(E2:11/Z—7/2), the overall reproduction of electro- state in the result of the FPD6 calculation suggests that the
magnetic properties is also pretty good for both the FPD@bserved state at 4633 keV has a configuration largely dif-
and the SDI calculations. The calculateM) values from  ferent from pure{fp}® structure. For low-lying levels in this
the J7=(17/2) state are about a factor of 5 larger than themass region, the contribution due to the core deformation has
measured ones. This might suggest the contribution due tbeen pointed out by several auth§vs25,2§. As suggested
the higher-lying single-particle orbits which are not takenin Ref. [7], the core deformation may be relevant for lower-
into account in the present calculations. Since the calculatelging levels. In the present case, the discrepancy for the
B(M1) values are rather sensitive to the choice of effeajive B(E2:11/2—7/2") values between the experiment and
factors, we regard this discrepancy as not critical and thatheoretical calculations may be explained as a consequence
this J7=(17/2") state may possess a predomingdt;»}*>  of such a core deformation, which has not been fully taken
configuration. into account due to the truncation of model space. Although
On the other hand, the shell model calculation could nosuch a contribution could also be present in thi%
reproduce thel”=(17/27,21/2") state at 4633 keV; other =(17/2,21/2) 4633 keV state since the valentg, par-
high-spin yrare states df p}® structure are predicted to lie ticles being aligned to generate a large angular momentum
at =3 MeV higher than the yrast levels, which might corre- should drive the shape of tH8Ca core to oblate, the absence
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of low-energyJ™=8" states in*Ca implies such a state in T
435¢ may not exist. It may also be possible that the state at 'O “3Sc Positive Parity Levels -}~
4633 keV possesses a very large deformation which could —— Experiment
lower the energy of the higher-lyingg,, orbit. Further ex- % L 33?:;?%2 o e 25

H H H H H H . + + *
perimental investigation is highly needed for this state. 2: ol oo wpar2 e

B. Positive-parity states § 4 " o~
w 7 N

The positive-parity bandlike structure based on the :'\,/ .
152 keVJ™=3/2" state was extended up to tG&=(27/2") 2}-x i
state at 8828 keV. Five in-bang-ray transitions, i.e., the ‘\\/
1472-, 676-, 1763-, 288-, and 1475-keV transitions, were o e
newly identified in this band. We assigned the 1763-keV 13579 “SF‘,fN‘{’zj; 192123252729
transition deexciting thelJ™=(19/2") state as being a
stretchede2 transition from its ADO ratio of 1.306). From FIG. 4. A plot of level energies of positive-parity states as a

the intensity ratio between the 1763-keV transition and théunction of the angular momentum. The experimental data and the
2394-keVE1 [12] transition, and the known upper limit of SDI shell model calculations are presented. Solid line shows
the lifetime of 90 fs [12] for the J™=(19/2") state at experimental data. The dashed line shows the positive-parity
5518 keV, the BE2:(19/2")—15/2"] value was estimated yrast levels calculated in 7{{0d3*{0f;}'{1pz/}>* ]

to be >7.6 w.u. for the 1763-keV transition. The 1475-keV ® 1[{0d323™0f7/3"{1p32}>™™"] model space with a limitation of
and 288-keV transitions were very weak. They are in paralleP=<!<2 and 0sn=<2. The dotted ling*) indicates the high-spin
with the 1763-keV transition, but the order could not be(J”zZl/Z*) levels calculated with a limitation of €1<2 and 0
firmly determined. We placed the 288-keV transition on topsns4. The chain line is the positive-parity levels calculated in full
of the 1475-keV transition on the grounds that the intensity\0d3/2: 0f7/2} space.

of this cascade is very small as compared to that of theccount the cross-shell excitation from thay g orbit, which
1763-keV transition. The assignmentdt=(17/2") is prob-  should play the dominant role for the positive-parity states in
able for the intermediate state at 5230 keV. The relativelythis nucleus. The SDI calculations were made for

intense 2270-keV transition and the 676-keV transition, botheach  of the following types of conditions.
of which are feeding to thd"=(23/2") state at 6429 keV, (1) {0} {0f 7,2 {13/t ¥ @ 1[{0dgo} ™ Of 75"
also showed a stretched-dipole character from their ADO rax{1p;,}*™ "] space with limitations &1<2 and O<n
tios of 0.6%12) and 0.8110), respectively. The 824-keV <2.(2) Same space ad) with 0<I<2 and O<n<4. (3)
transition from the 7105-keV level to the 6281-keV level #{{0d;/,}{0f7}° ] ® 1[{0d;,,}™0f,,,}6™™] full space. De-
gave the ADO ratio of 1.489), which is consistent with an  spite the use of a schematic interaction and the lacksgs,1
interpretation as a stretched-quadrupole transition. Thep, ., and @, levels, the agreement between experiment
1472-keV transition showed a stretched-dipole charactesnd calculation is pretty fair, as shown in Fig. 4, indicating
with the ADO ratio of 0.667) and was placed on th&”  the goodness of these model spaces. In the calculation of
=(25/2") state at 7356 keV from the coincidence relation. condition(2), eigenstates aJ”=21/2" levels only could be

A predominantsd ™' ® {fp}* structure has been suggested calculated due to the limitation of the jjSMQ program.
[8] for the lower-lying positive-parity levels aJ”<15/2",  Therefore, in Fig. 4, the level energies for conditi@ are
while the higher-lying levels are report¢d2] as having a normalized to thel"=21/2" state calculated with condition
dominant{0d,,}*®{0f}* structure. Since these levels are (1). It is seen that an inclusion of thepj, level largely
connected byE2 transitions of a sizable collectivity, it is improves the energy reproduction of the low-lying states,
natural to regard these levels as being members of a bandlilkeiggesting the importance of this single-particle orbit. For
sequence. By combining the estimatedEB:(19/2")  the highest-spin region, the calculation in f{lids,, Of;}
—15/27] value of >7.6 w.u. and those for the othéf2  space reproduces well the energy levels where the dominant
transitions summarized in Table |, a decrease offBecol-  {0dg,} }{0f;,,}* structure is expected.
lectivity as increasing the angular momentum can be noticed. As can be seen in Table |, the present calculation of con-
As to the level energies, the spacings become rather irregulalition (1) qualitatively well reproduces both the(lB2) and
above theJ™=15/2" state. These observations suggest aB(M1) values also for the positive-parity states, except those
structural change with respect to the increase of angular mamong lowest-lying levels which may be reflecting the core
mentum; the low-spin collective structure changes into theleformation effect. There is a discrepancy in tH&/B) val-
noncollective high-spin structure. ues for 927-keV transition between the present work and the

In order to understand the change of the structure, wene reported in Refl12]. This might be caused by the siz-
carried out shell model calculations in tf#gs,,0f;», 1p3»f  able feeding from thé™=(27/2") state which has not been
model space. The SDI was used with the strength parameté@entified by the authors dfl2], or by the neglect of a pos-
Ay=0.90 andA;=0.56[27]. Single-particle energies relative sible E2 contribution in the present analysis. It should be
to the @, orbit were taken to be 4.9 MeV forf@, and noted again that the magnetic properties obtained in the
7.9 MeV for 1ps,, respectively. The FPD6 interaction is not present shell model calculation are rather sensitive to the
applicable in this case since it does not explicitly take intochoice of the effectiveg factors; although the calculated
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magnetic moment for thd"=3/2" state in Table | has the spacings with respect to the angular momentum can be re-
opposite sign relative to the experimental value ofgarded as a consequence of the changes of the seniarfty
+0.3486) uy, it was found that the use of effectigefactors  the basis vectors comprising the eigenvector of each state. It
estimated from nucleog factors of thegf=5.5855uy and  should also be noted that despite the use of the schematic
02=-3.8256uy gives a value ofu=+0.284uy, which is interaction and the largely truncated model space, the shell
reasonably consistent with the experimental value. model calculation could reproduce the measured electromag-
The J7=27/2" state in this model space is a kind of ter- petic properties fairly well.
minating state. The maximum angular momentum of 27/2
can be achieved by the fully stretchee{0d;,} {0f;,}?
® v{0f,}? (v=5) configuration. The states with"=29/2"
can be generated only by the=7 configurations, and con- In summary, the high-spin states4¥8c have been inves-
sequently, a large energy gap between ¥ie27/2" and tigated by +y-ycoincidence measurement by using
J7=29/2" states is predicted. This is indeed consistent witi?’Al (*°F ,p2n) reaction at beam energy of 50 MeV. TH&
the nonobservation of the corresponding transition in the=(17/2") state at 4382 keV and thEF=(17/2",21/2) state
present experiment where theray energy of only<4 MeV  at 4633 keV were compared with the shell model calcula-
was measured. The shell model calculation of condif®n  tions performed by using both the realistic two-body interac-
suggests a rather  pure (~94%) m{0d35} {0f72}*>  tion FPD6 and the schematic interaction SDI. Th&
® 1{0f}? (v=5) configuration for the)"=27/2" state. The =(17/2) state at 4382 keV is interpreted as a member of the
calculation also predicts closely lying twif=25/2" states, {0f,,}> multiplet. Although the nature of thed”
both - of  which have the  structures  of =(17/27,21/2) state at 4633 keV could not be determined,
~60%7r{0d35}{0f /5”@ 1{0f 75} mixed with  the lowness of the level energy indicates a sizable contribu-
~30%m7{0dy/2}°{0f 7' @ 1{dg/} H{Of72}% the yrare J™  tion due to the single-particle ortd other than the0f1p}.
=25/Z state is predicted to lie at1 MeV higher than the This state is clearly in need of further investigation. The
yrastJ7=25/2; state. This yrare state may be correspondingpositive-parity bandlike structure has been extended up to
to the J7=(21/2",25/2") state experimentally observed at the terminating)™=(27/2") state at 8828 keV. Comparison
8699 keV with a sizable intensity. with the shell model calculations using SDI revealed that the
According to the calculation of conditiofl), beyond the  behavior of both energy level spacings and electromagnetic
J7=15/2" state which is the maximum possible angular mo-properties in this bandlike structure with respect to the in-
mentum in the seniority=3 configuration, the wave func- creasing angular momentum can be understood in terms of
tion changes its structure. The yrast statesJ6E17/2"  the {0dy,, 0f-/,, 135} shell model space and the change of
~2712" have the predominarit-95%) v=5 structure, while  senijority numbexamplitude of the eigenvectors.
the levels ofJ"< 15/2" consist of approximately 50—60% of
v=5 basis vectors and 50—40% 0£3 basis vectors. The
model predicts the less regular energy spacings for the higher
spin region ofJ™>15/2", which is also consistent with the The authors wish to thank the crew of the JAERI tandem
experimental observations. As can be seen in Fig. 4, by alaccelerator for providing thE€F beam and for their hospital-
lowing more neutrons in thef@, orbit, the energy spacings ity during the experiment. We are very grateful to Emeritus
at the high-spin region become less regular and better repr@rofessor K. Takada of Kyushu University for his continuous
duced. The seniority=1 component shows up only in the and ready support in our use of the jjSMQ shell model code.
J7=3/2" state(~30%). The authors also express their special thanks to the National
Thus, it may be concluded that the positive-parity banddnstitute of Informatics for their supporting Super SINET and
like structure from thed™=3/2" state to the)"=(27/2") state to KEK Computing Research Center for HEPnet-J, which
can be described, at least qualitatively, in terms ofenabled efficient data transfer and timely communication
{0d3»,0f;/», 1ps»} model space. The change in the energyamong the collaborators.

IV. SUMMARY
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