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Excitation and decay of the Gamow-Teller giant resonance if°Nb
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The proton decay of spin-isospin strength ifNb was investigated after excitation via the reaction
90zr(®Li, ®He) **Nb at 156 MeV bombarding energy. The Gamow-Te(8) strength distribution and corre-
spondingB(GT) values were extracted from singles spectra measured at extreme forward angles including zero
degree. Protons in coincidence withle ejectiles were detected using a multidetector arrangement of semi-
conductor strip detectors. Relative branching ratios $d-p angular correlations have been measured for a
proton decay to well defined low lying single hole state$%r. Evidence for a dominant statistical decay has
been found in the whole observed region of excitation energy; a small direct decay component, however,
cannot be ruled out. In the region of the Gamow-Teller giant resonance between 8.0 and 12.0 MeV excitation
energy additional strength with higher mulitpolarities 1 was identified from a comparison with predictions
in the statistical decay model. At higher excitation energies above the giant resonance region the decay
characteristics confirm the presence of a flat distribution of Gamow-Teller stré 856-28138)03302-0

PACS numbgs): 24.30.Cz, 25.70.Kk, 27.68

[. INTRODUCTION states the measurement of the proton decay to various open
channels can give valuable information on the microscopic
The study of collective excitations by charge exchangestructure of the giant resonance. If the decay proceeds
reactions has provided direct information on spin-isospin dethrough coupling to more-particle more-hole configurations
pendent phenomena in nuclear excitatipfig Since their the relative population of the different final states follows
early theoretical prediction and systematical investigationstatistical rules and can give informations on the spins and
using mainly the ,n) reaction at intermediate energies, the multipolarities of the decaying strength. Thus the study of
Gamow-Teller(GT) resonances have gained special interestthe relative contribution of the escape width representing the
The approximate proportionality of zero degree cross secdirect decay branch to neutron hole states and of the spread-
tions andB(GT) values can be explained by the role of the ing width which reflects the statistical decay through con-
GT-transition operator describing both, tBedecay in nuclei  figuration mixing is decisive for the understanding of the
and the reaction mechanism of the charge exchange reactistructure and the distribution of the Gamow-Teller strength.
at small momentum transfer. Surprising, however, and still Experimentally the decay properties of the giant reso-
not completely resolved is the fact that the observed GamowAances can be investigated by the coincident measurement of
Teller transition strength is only about two thirds of the pre-decay particles after excitation by a charge exchange reac-
diction of a model independent sum ryt2]. This so called tion. But in contrast to isoscalar electric giant resonances,
“problem of missing GT strength” was explained by the where the decay via emission of neutrons or charged par-
influence of subnuclear degrees of freedom shifting strengtkicles is investigated over a wide range of target nuclei
into the region ofA excitation or/and by nuclear configura- [9,10], only a few attempts have been made to measure the
tion mixing leading to broad and structureless strength disdecay properties of the GT giant resonance. As mentioned
tributions hidden in the physical continuui®—8. before, GT resonances were mostly investigated by use of
In this context it seems of special interest to investigatghe (p,n) reaction at bombarding energies of about 200
the decay properties of the GT giant resonajfje As long  MeV, where the ratio oV, ./V, of the effective nucleon-
as the collective resonance can be described microscopicalfyucleon interaction favors a spin transfer reactiahS(
as a coherent sum of one-proton particle one-neutron hole1). At a reaction angle a®,=0° the Gamow-Teller cross
section with multipolarityl. =0 is in a maximum. But decay
measurements are very difficult there, suffering from the low
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subject of several studies to determine escape and spreading
width of the IAS[12].

In this paper we report on investigations of the proton
decay of spin-isospin strength, especially of the Gamow-
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Teller giant resonance i"°Nb, after excitation by the e getic Target
(5Li, ®He) reaction using £Li beam of 156 MeV. In several “Little John” = / SLi-beam
studies the {Li, ®He) reaction was found to be a suitable One = 0° Ve / (156 MeV)
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probe for the investigation of spin-isospin modes and for the
determination of GT strength with high accurajd4-18.

Our earlier investigationgl5—17 showed over a wide mass T
range of target nuclei that the GT strength extracted from o
(°Li, °He) measurements agrees well with results pfn() FIG. 1. Schematical drawing of the scattering chamber with the

and 8-decay measurements. The selection rd&=1 and  four pairs of the semiconductor strip detectors for coincidence mea-
AT=1 of the €Li,®He) charge exchange reaction are re- surements of decay protons.
sponsible for the high sensitivity towards spin-isospin exci-
tations. The dominating one step character already at beagemiconductor strip detectors was built up within the scatter-
energies of 25 MeV/nucleon was proven by earlier studiesng chamber. The setup with four pairs of detectors covering
investigating the 9Li, ®He) reaction at different bombarding a total solid angle of 330 msr is shown schematically in Fig.
energieg14,19. In addition the high absorption of thtii 1. Each detector with an active area of 60 W& mm
projectile leads to characteristic angular dependencies for the 1440 mn? is subdivided into ten independent strips, each
different multipolarities. Thus. =0 monopole strength can 6 mm wide. Thus protons could be measured at 40 different
be identified by its steep rise to forward angles. Particularlyangles simultaneously with an angular resolution better than
the difference of the spectra taken@,,=0° and an angle, 1.5°. Two detectors were combined to a counter telescope
where the GT strength has already strongly decréisedur  with a total sensitive thickness of 10@dn. Thus protons
case we use®,=2°), should be dominated by pule  with an energy up to 12 MeV could be stopped completely
=0 strength. From the experimental point of view theand the region of excitation energy from the proton threshold
charged ®He ejectile allows the use of a magnetic spec-at 5 up to 17 MeV could be observed. We restricted the set
trograph. Low background even at zero degree and a higbp of the detectors to backward angles covering a region
efficiency and energy resolution are advantageous also withetween 70° and 170° to avoid the detection of protons from
respect to coincidence measurements of decay particles. quasifree charge exchange process, which is considered as
In the following we describe the experimental techniquesthe main background component at forward angles. At zero
of the coincidence experiment in some det&eéc. I). Sec-  degrees the whole setup is completely symmetric to the beam
tion lll presents the results of the singles measurements, edlirection, at two degrees the deviation from symmetry is
pecially the distribution of GT strength. The results of thesmall. This leads to a reduction of systematic errors and by
decay experiment are described in Sec. IV. averaging thé’He-p angular correlation to a model indepen-
dent extraction of branching ratios for the transition to the
final nucleus®%Zr. This experimental environment with a
high flux of light ions and neutrons leads to some radiation
The measurements were performed with the momenturdamage of the counters. Although clearly observed they did
analyzed 156 Me\fLi beam of the Karlsruhe Isochronous not impair seriously the performance of the experiment and
Cyclotron. An external electron cyclotron resonance ioncould be partly annealef23]. With this detector arrange-
source provided a beam &Li 3" ions with high intensity ment the measurement of decay protons was possible with
and stability of~30 nA, which was an essential presupposi-rather high energy and angular resolution at a wide range of
tion for the feasibility of the experimeff0]. We employed angles, simultaneously. Specifications about the used detec-
a self-supporting®zr target with a thickness of 10 mg/dm tors and their optimization for thél(i, ®Hep) experiment are
and an enrichment of 98%. An overall energy resolution ofgiven elsewher¢24,25.
420 keV was achieved in the decay measurement limited by
the energy loss of the various reaction particles in the target. ||| RESULTS OF THE SINGLES MEASUREMENTS
The ®He ejectiles were measured at extreme forward angles
and directly at zero degree using the magnetic spectrograph In a first step we measured and analyzed singles spectra of
“Little John” [21,22. At 0° the reaction particles and also the (Li, ®He) charge exchange reaction in the angle region
the incident beam enter the magnetic spectrograph. Due to ilsetween zero and eight degrees. From this for the coinci-
lower magnetic rigidity the beam particles, however, weredence measurement reaction angles of 0° and 2° were fixed,
deflected to the wall of the vacuum chamber, where theyvhere the GT strength is in its maximum and close to its first
were stopped on a movable Faraday cup. fHe particles minimum, respectively. Singles spectra, linearized in energy,
were analyzed in the position sensitive focal plane detectogf the reaction”®Zr(°Li, ®He) °°Nb at 0° and 2° are presented
which yielded additional information about time of flight, in Fig. 2. At zero degrees a significant population of the
energy loss and total energy of the detected particles. Thusamow-Teller state at 2.3 MeV and the strong excess of the
even at zero degree, we could achieve spectra absolutely fré&Tl giant resonance at about 9 MeV can be observed. At 2°
of any experimental background. For the spectroscopy ofthe GT excitations have almost vanished. The state at 1.0
decay protons a multidetector arrangement of large arelleV representing strength with higher multipolarities 0

Il. EXPERIMENT
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- non-spin flip transition is still better than irp(n) measure-
%Zr(°Li,"He)*Nb (a) ments at much higher energies. Becan®=0 strength is
Epi =156 MeV expected to be concentrated in the IAS we can conclude that
the difference spectrum presents the distribution of pure GT
strength AS=AT=1) with rather high precision. From the
difference spectrum the excitation energy and the width of
the GT giant resonance was determinedBp=8.9+0.1
MeV andIl’'=4.1+0.1 MeV. With reduced uncertainties this
result is in good agreement with our earlier wofi$] and
LI measurements using other prolj8s]. It seems remarkable
------------ L that by using this subtraction method GT strength can be
identified also in the region above the GT giant resonance
GT strength distribution (b) bump. The strength can be even reduced by the tentatively
10001 (°-92° GT GT increasing spin dipole resonance. Theoretical works have
predicted such a flat distribution of GT strength embedded in
the continuum as an effect of coupling of the initigh-1Lh
doorway state to g-2h and even more complex configura-
tions[1,28,29. The difficulties in identifying this structure-
less strength by performing, e.g., a multipole decomposition
[30] was discussed to be one reason for the missing GT
strength. From the difference spectrum ®8€T) sum rule
value can be easily determined.@kvalue correction is nec-
essary for high lying strength which was performed using a
distorted-wave Born approximatioiDWBA) calculation as
described in Refd.15,17]. Using the well establisheB(GT)
value for the GT transition to the low lying 2.3 MeV state for
normalization [3,4] we extracted a sum rule value of
B(GT)=20.0"5{ or 6672 in units of the Ikeda sum rule

4000
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o(E,0)

2000

0 : ' i up to 20 MeV excitation energy. The GT giant resonaf&e
20 15 10 5 0 MeV<E,<12 MeV) alone provides 38 5%. In comparison
to the results of earlier measuremeft§], where the errors

E; [*Nb] (MeV) due to poor statistics played an important role, in the pre-

sented data the statistical error can be neglected. The given

FIG. 2. Spectra of the®(i, *He) reaction on®Zr at ®,e=0°  systematic errors are mainly estimated from normalization
and®,,,=2° (a) and the difference spectrufh). 0° spectrum with  ncertainties. Th&(GT) value is in agreement with earlier
the physncal contlm_Jum used for the determination of the giant resop,aasurements using refined analyses with special attention
nance’s cross sectiofs). to the choice of the background of the nonresonant con-

tinuum[6,31]. Following the argumentation of Gaardéal.
hardly changes in this forward region. At excitation energieq6], that 20 to 30% of the whole GT strength is shifted to the
around 17 MeV the broad peak corresponds to the weltegion of the delta isobar excitation, this means that almost
known spin-dipole resonand&DR) [5] with multipolarity  90% of the strength accessible in our experiment could be
L=1. It appears on a broad nonresonant physical continuuriglentified without the problem of fixing a more or less arbi-
from quasifree charge exchange and contributions frontrary background5]. An additional uncertainty may arise
higher multipolarities, which almost does not change itsfrom strength with higher multipolarities increasing in the
shape and strength between zero and two degrees. A smalhgular region between 0° and 2°. As mentioned above spin
excess at the position of the IAS at 5.1 MeV gives somedipole strength withL=1 can clearly be identified in the
indication of only a very small excitation of non-spin flip excitation spectra aE,=17 MeV. Theoretical calculations
strength withA S= 0. This confirms the one step character of predict L=1 strength also in the region of the GT giant
the (Li, °He) reaction at the energy of 26 MeV/nucleon and resonancé28,29. Dipole excitations, however, show a ten-
the good suppression of background wiB=0. Addition-  tative increase at forward angles leading to the larger posi-
ally all spectra even at higher reaction angles slightly detive error of our sum rule values. The exclusive coincidence
crease towards higher excitation energies indicating thameasurements presented in the next sections will provide
multistep processes do not contribute significantly to the readditional information to distinguish the contributions of dif-
action mechanism. ferent multipolarities.

Due to the forward peaked angular distribution of the GT  For the extraction of the angular distribution of the GT
resonances and the flat angular dependencies of higher miant resonance the shape of the nonresonant continuum was
tipolarities the difference spectrum in Figh2 gives the dis-  fixed by subtracting the GT monopole strength after normal-
tribution of GT strength with little uncertainties from dipole ization to the content of the peak at 2.3 MeV. The result is
strength and the quasifree continuum, which can change iimdicated by the dashed band in FigcPtogether with the
this forward region. In the difference spectrum the IAS can0° spectrum. The width of the band represents the uncertain-
be detected more clearly, but nevertheless the suppression tids from normalization and higher multipolarities, especially
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10° citation energy by the high Coulomb and centrifugal barriers.
90Zr(6Li,6He)90Nb Therefore the probability for proton decay increases slowly.
In the giant resonance region up to the neutron decay thresh-
old at 10.11 MeV proton decay is the only allowed particle
decay channel, but also below the neutron threshold a proton
yield corresponding to the full excited strength$Nb can-
not be observed. This is explained by the continuum of
quasi-free charge exchange reactions in the free excitation
spectrum leading to no proton emission in backward direc-
tions. Another reason is the still high probability pfdecay
because of the high Coulomb barrier for a proton leaving the
nucleus.
For the two marked excitation energy regions A and B,
. final state spectra were obtained by using additionally the
10° 7 energy information of the proton detectors. For both decay
6 MeV < E, < 15 MeV spectra in the lower part of Fig. 4 the two angle settings for
the ®He detection were summed up for statistical reasons.
The resolution in the decay spectra is sufficient to identify
the decay into the first low lying states fiiZr. Due to the
preceding fLi, ®He) charge exchange reaction the decay via
protons is leading to neutron hole states in the daughter
nucleus. Thus the low lying peaks in the decay spectra can
be assigned to well known neutron hole states, e.g., the
ground state with spid™=9/2* and the 1/2 and 3/2 first
and second excited state at 0.58 and 1.09 MeV, respectively.
The next peak represents a mixture of a few states at about
1.5 MeV among others a state wilf=5/2" at 1.45 MeV.
At higher excitation energies if°Zr the final state spectrum
R .+§++ $ ¢ ; for the decay of the GT giant resonance regién strongly
$4¢ decreases in spite of a higher density of reachable final
states, due to the high Coulomb barrier for the low energetic
protons feeding these states. For the higher energyBin
above the GT giant resonance much more final states can be
T T | T . reached. It should be dominated by the nuclear continuum
60 2 4 6 8 10 and modes with higher multipolarity and only a small com-
Ocm. (degree) ponent of monopole strength. The decay spectrum is domi-
nated by a broad bump at higher excitation energies, but in
FIG. 3. Experimental angular distributions of th& i ®He) re-  addition also a clear population of the low lying neutron hole
action on®Zr together with DWBA calculations. states mentioned above can be seen.
From the decay spectra relative branching ra‘fi%i can

in the region of the spin dipole resonance. The experimentade deduced for the different proton groups. It is defined as

angular distributions of Fig. 3 were compared to a micro-the ratio of protons decaying to a definite final stago the
scopic DWBA calculation using the computer canl®Uck4  number of all detected coincident protons:

[26]. The form factors were calculated with random-phase

approximation(RPA) wave functions and & matrix of Na-

kayama including central and tensor terf2§]. At 0° the Ffe'Pi:FPi/Ei Fpa' (4.)
contribution of the tensor component is small. The curves

were adjusted to the data point at zero degree. The monopole For a model independent extraction of the relative branch-
character of both GT excitations with a steep increase ahg ratios we profit from the large area proton detectors cov-
forward angles and the flat angular distribution of the highefering almost the whole region of backward angles, which
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L state at 1.0 MeV can be clearly observed. leads to an averaging over effects of the angular correlations.
This method is confirmed by theoretical calculations as well
IV. MEASUREMENTS OF THE PROTON DECAY as the measured angular correlatigBgcs. IVB and IV ¢

showing a flat angular dependence. In Fig. 5 the experimen-
tal relative branching ratios for the four lowest state$%ar

A SHe spectrum on condition that a decay proton wasare presented for 0.5 MeV energy bins of the excited strength
detected in coincidence to tiféle is shown in the upper part in °Nb with the ®He measured at zero degrees. Just above
of Fig. 4. The contribution of accidental coincidences is subthe threshold for proton emission the decay to the ground
tracted. Above the proton threshold at 5.08 MeV the decaytate is the only allowed transition. But as mentioned above,
via proton emission to the final nucle®r is energetically due to the high Coulomb and angular momentum barrier a
allowed, but still strongly supressed up to about 7 MeV ex-decay to the low lying states is strongly suppressed and

A. Analysis of the data
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FIG. 4. %zr(®Li, ®He) °**Nb in coincidence with a decay protgapper pait The 0° singles spectrum is indicated. Final state spectra for
a decay to the residual nuclef¥r for the two energy bins marked abo(lewer parts.

could not be evaluated with satisfying accuracy up to exciin 8Zr becomes possible and the theoretical relative branch-
tation energies of about 7 MeV. Starting from this value theing ratios should overestimate the measured data points. For
decay to the ground state is the most favored transition. Buhe relatively low energetic protons under consideration the
with higher energies it strongly decreases and the decay toentrifugal barrier inhibits the proton decay with a high
excited states becomes more probable. The general slope wénsfer of angular momentum. Thus strength with high spin
the relative branching ratios with a smooth increase abovdominantly decays to states with high spin and modes with
the threshold for the respective proton groups and the followlow spin prefer low spin final states. Therefore the popula-
ing slowly decrease reflects the influence of the Coulombion of the neutron hole states i#Zr with such different
barrier for proton emission leading to broad curves withoutspins as 9/2 of the ground state and 172of the first ex-
significant steps or structures. The theoretical relativecited state is strongly dependent on the spin of the decaying
branching ratios shown in Fig. 6 were calculated in thestrength. This “spin-filter” effect was also already applied to
framework of a pure statistical decay. Assuming that the inithe neutron decay of isoscalar electric giant resonaf®gs

tial particle hole configuration of the GT giant resonance isand can be used to determine the relative contribution of
completely thermalized they only depend on the transmissiomodes with different spins and multipolarities to the excited
coefficients of the decay particles, which can be calculatedtrength.

from the energy difference and the spins of the decaying
mode and of the final states. The transmission coefficients
were calculated using the standard optical potential of Ref.
[33]. The relative branching ratios for the four lowest states As in the singles spectra it is the comparison between 0°
in 89r, plotted in Fig. 6, were calculated for modes®Nb  and 2° measurements from which we can get more informa-
with different spins. All final states up to an excitation en-tion on the GT giant resonance. The maximum minimum
ergy of 2 MeV in 8%Zr were taken into account. For the giant method is applied to the decay spectra in Fig. 7. In Fi¢®. 7
resonance region if°Nb a decay into higher lying states in and 7b) the final state spectra for a proton decay®@r

897r is strongly suppressed due to the Coulomb barrier. Ameasured at a spectrometer setting of 0° and 2° are com-
higher excitation energies a decay into states above 2 MeYared, in Fig. {c) the difference of both spectra presents

B. Decay of the Gamow-Teller giant resonance
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FIG. 5. Experimental relative branching ratios for a decay of
strength in®Nb by the €Li, ®He) reaction at 0° to the four lowest
states in®%Zr as a function of the excitation energy iNb. 0
5
almost exclusively the decay of the GT giant resonance. The E; [*Nb]  (MeV)

decay spectra were generated under the restriction of the ex-

citation energy in®Nb to the giant resonance region be- _FI_G. 6._ Theoretk_:al branching ratios for a decay of different
tween 8.0 and 12.0 MeV. Thus it is shifted to the higherSPin-iSOspin mo_de_s if°Nb to the four lowest states i#Zr calcu-
energy side of the giant resonance avoiding strong threshold!€d N the statistical model.

effects just above 5.1 MeV but it is covering the main region o _
of proton decay. As in Figd a clear population of low lying More qufantltanvely the decay to the three lowest states is
neutron hole states can be observed indicated by Gaussi&Nalu%ted in Table I, where the percentual contributions
curves adjusted to the data. In the fit the experimental resd-p,/Zi-ol'p, Of the three lowest states are listed. The other
lution of 420 keV was held fixed. The intensity, however, of levels were omitted because only the three lowest states can
the various states is strongly different for the two measuredbe identified clearly in the decay spectra. The proton group
angles, where GT strength is in a maximum and in a mini3 is already a mixture of several states with different spins
mum. Comparing the two decay spectra and regarding theaking the interpretation more difficult. In spite of the large
difference spectrum it is obvious that the GT giant resonancencertainties we can conclude that with respect to transitions
is decaying preferably to states with low spins such as théo the three lowest states fiizr the decay to the first excited
1/2~ first excited and the 3/2 second excited state. In con- state has a probability of about 70% and to the second ex-
trast no decay to the ground state with its high spin ofcited state of around 30%, while no decay to the ground state
9/2* can be observed. This state is slightly more populateg¢an be observed. In view of the RPA wave functions for the
at 2° that an 0°, which can be explained by underlyingGT giant resonancg7], which were also used to calculate
strength with higher multipolarities especially dipole the angular distributions of Fig. 3, the main proton particle
strength that shows a tentative rise from 0° to 2° and has Beutron hole components of the GT giant resonance are the
rather high probability for a decay to the 9/Zyround state  1gg,1g%, spin flip and Bg,1g8, core polarization states

of 8%Zr as shown in Fig. 6. which would lead to a significant population of th&=9/2"
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FIG. 7. Decay spectra of protons from the GT resonance region — {27 4% | —— 27 5%
in ®Nb to 89Zr at ®,,=0° (a) and©®,,=2° (b). Difference spec- 3t: 16% 3t 20%
trum (c). 25
3 3
ground state irf°Zr in the case of a direct decay. Although + ¢
the transmission coefficients are very small, more than 60%
of a possible proton decay should lead to the ground state in 01— . l . . . . I
897r. The low spin states with high transmission coefficients § 10 12 14 8 10 12 14
should be much less populated. The opposite result can be E, [*Nb]  (MeV)

found in the model of a statistical decay. Here the transmis-

sion coefficients alone determine the decay characteristics, FIG. 8. Relative branching ratios for a decay to the four lowest

after the initial particle-hole structure of the GT giant reso-states in®Zr from the GT giant resonance region together with

nance has been spread out to many more complicated stat€glculations in the statistical model.

The high transmission coefficients of transitions to the lowno o
) . ) 0° and 2

spin states are favoring the decay to the first and secon

?r(cgqe?hstaters, er,:”e ”}le gtro;?:_?title Ils\zllmosrg noLp?%uIa;tr:a on 2%pPp(*Het) found a dominant statistical decay, too,
0 ese results collecte avle [ we can conciuge ut also a small direct component of proton decay of

although the experimental uncertainties are relatively high a 4.9+1.3) % [13]

unambiguous signature for a predominant statistical decay o Presuming a pure statistical decay it should be possible to

the GT giant resonance is present. However, it should b‘(?ietermine the composition of different spin modes in the

mentioned that a small direct decay component cannot bSecaying nucleus by comparing the relative branching ratios

ruled out. A small branching to the ground state leading Mot Fig. 5 with calculations in the statistical model. This was

mediately to a nonstatistical decay mechanism is still pos- : :
. ..~ -—done in the energy region 8.0 M&E,=<12.0 MeV sepa-
sible and may be canceled by the decay of strength with hig ately for 0° and 2° with results shown in Fig. 8. As possible

L feeding the ground state iffZr and increasing between excitations besides the GT monopole mode spin dipole with
J™=2" and spin quadrupole strengti®=3") were taken

into account as proposed by theoretical wofR8,29. For

the GT strength a Gaussian shape with the resonance param-
eters taken from Sec. Il was assumed while for the higher
modes an uniform relative strength distribution in the ob-

. A comparable decay experiment studying the de-
y of the GT giant resonance #%i excited by the reac-

TABLE |. Experimental relative contributions in percent for a
decay of the GT giant resonance to the three lowest statd®m
and the theoretical predictions for either direct or statistical decay

N _ ,

Po 9/2 Py 1/2 P2 312 served region of excitation energy was assumed. A best de-
Experiment @12 70+10 30+12 scription of the decaying strength was achieved with 20%
Direct decay 65 30 5 GT strength and 64% spin dipole and 16% spin quadrupole
Statistical decay 1 73 26 strength at zero degrees and with 5% GT strength and 75%

spin dipole and 20% spin quadrupole strength at two de-
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grees. The results of the calculations are presented in Fig. €
as solid lines together with the experimental data. If a direct
decay component is present, the ground state with the high
spin of 9/2" will also be fed by the GT giant resonance and

the deduced strength contribution of higher multipolarities
would be reduced. Transformed into absolute units of cross
sections the above strength decomposition confirms the
evaluation of the singles measurements: The steep decreas
of the GT strength between 0° and 2° was already seen in =
the singles spectra of Fig. 2. The values of the angular dis- §
tributions of Fig. 3 are confirmed. By the high decay prob- 4
ability to the 9/2" ground state strength with higher multi- \’@
polarites L=1 is clearly identified embedded in the 94,
continuum below the GT giant resonance. If a direct decay
component is present, which is probable from other experi- "
ments, the high spin ground state is also fed by the GT giant Sj
resonance and the deduced strength contribution of higher' &
multipolarities would be reduced. Spin dipole strength, how- 400 -
ever, is slightly increasing between 0° and 2°. In Sec. Ill it

was already discussed that the presence of spin dipole

strength leads tentatively to an underestimation of GT 200
strength applying the maximum-minimum method to the 0°

and 2° spectra of Fig. 2. The sum rule value extracted from

the difference spectrum may be a little too small. On the 0L : . . .
other hand the knowledge of the different decay behaviors of 20 15 10 5 0 15 10 5 0
GT strength and modes with higher transfer of angular mo- E, [°Nb] (MeV)

mentum can be used to identify GT strength independently. “
Assumins% a .StatiStical d_ecay’ the transition to the ground FIG. 9. Excitation spectra of’Nb coincident to proton decays
state in ®°Zr is a clear signature of the decay of non-GT ; ihe four low lying states if°Zr at ©,,=0° (solid line and
strength as can be seen from the results above and from the _>e (qotted ling (a)—(d). Spectra(e) and () show the coinci-
theoretical relative branching ratios of Fig. 6, where for GTgent excitation spectra for a decay to the proton grpyiand p,—
strength §7=1") only a neglectable probability for a decay p, where the 0° and 2° spectra are normalized in accordance to the
to the proton group, was observed. Therefore, the transi- strength decaying tp,.

tion strength to the ground state can be used as a built-in

normalization for strength with highér. This is presented in

907r(5Li,°He p)*®Zr [*°Zr(®Li,*He py )*%Zr
Pi1

907r(8Li,%He p3)%°Zr
p3

(d)

®I-[e

90Zr(5Li,He p; —3)®97r
P1—Ps3

Po

: L principle additional information on the multipolarity of the
Fig. 9 where the coinciderftHe spectra are plotted under the excited strength should be obtained from the angular behav-

restriction of a dgce_ly o the various proton gro‘mS‘? P3. ior of the correlation functiofi32]. But due to the complex
For a proton emission to th&Zr ground state the 2° spec- _ . X
spin couplings for a proton decay, only flat angular correla-

trum lies above the 0° spectrum showing the slightly increas:. . ; :
ing strength of higher multipolaritiegespeciallyL=1). In tion functions are predicted also for a decay of modes with

contrast thePHe spectra measured at 0° exceed the 2° spe higher multipolarity by partial waves with high angular mo-

tra for a proton decay to the excited states with lower spmscmentum. Legendre polynomials of maximum Ordf,=2

" . were adjusted to the data represented by the solid lines in
describing the decay of the GT strength. If we normalize the_. ; > ) .
0° and 2° spectra according to the strength in Fig).&s is q:|g. 10. The corresponding coefficients are listed in Table II.

i ! As expected the angular correlation are relatively flat, only
doneoglobally in Figs. @) and 4f), Wf ettt the decay to the first excited stgtg, shows an increase to
the 0° measurement towards the 2° measurement for a dec

t0 p,—ps showing that GT strength is not only identified in %o indicating again the presence of strength with higher

the immediate GT giant resonance region but also as a Smarnulnpolanty.
but significant flat distribution at higher excitation energies.
The poor statistics do not allow us to evaluate this result in a
more quantitative way, but nevertheless by use of this decay The high lying strength between 12 and 17 MeV excita-
normalization method GT strength was again identified alsdion energy is located above the GT giant resonance and
at higher excitation energies. already above the threshold for neutron decay thus reducing
The Hep angular correlation for a decay of the GT giant the proton decay branch. As it is dominated by the nuclear
resonance region to the four lowest states’{dr are pre- continuum and modes with higher multipolarities that do not
sented in Fig. 10, again separately for 0° and 2° measureshange significantly in the forward angle region, the mea-
ments. The decay angle is given in center-of-mass coordisurements of 0° and 2° were summed up to achieve better
nates of the decaying intermediate nuclédidb. The error  statistics. In Fig. 1@a) the proton decay spectrum for the
bars in they directions are due to the statistical uncertaintiesenergy region between 12 to 17 MeV {iNb from Fig. 4 is
alone while the errors in the directions represent the finite displayed again. The decay of this energy region leads
solid angle of the detector segments under consideration. Imainly to a broad bump of emitted protons in the high lying

C. Decay of the strength above the giant resonance region
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150

°07r(®Li,He p)®*Zr (a) °07r(®Li,°Li’ n)**Zr (b)
E[*°Nb]:12-17 MeV E«[*'Zr]:
|

2°Zr(°Li,*He p)**Zr (c)
Ex[**Nb]:12-17 MeV

200 100 { By [$°Zx]:2-10 MeV

|
!

pp One=0° py One=2 +

a(@,,8,) (arb. units)

0(E,04,0;) (arb. units)

100 -
LESNEEIRNERS S s IR
\
50 _\i_%% 0 10 5 0 3 2 1\ 0 045 90 135 180
+ + E[Z1] (MeV) Ocm  (degree)
0 FIG. 11. Final state spectrum from the proton decay of the en-

ergy region in®™Nb above the GT giant resonan@. For compari-

p1 b1 son spectrungb) shows the decay spectrum of the neutron decay of
100 + the isoscalar giant resonance®fiZr to the same final states f{zr.
+ ®He-p angular correlation for a decay to the broad bump of many
50 4 levels in 8%Zr (c).
On the other hand, a clear population of the low lying
P2

neutron hole states by high energetic decay protons can be
observed. These transitions cannot be reproduced by a statis-
P2 tical calculation alone. They represent a direct decay compo-
nent of resonant strength. The spin dipole resond8&R)
is visible in the singles spectrd&ig. 2) as a broad bump
+ around 17 MeV, but also other modes with higlheshould
be present comparable to the region of the GT giant reso-
nance. It can be informative to compare this result with a
0 neutron decay spectrum of tHe0 isoscalar electric giant
resonance if%Zr after excitation by inelastiéLi scattering
p3 Ps3 leading to the same neutron hole state$%r [Fig. 11(b)]
100 + + [35]. Again the exponential distribution of statistical decay
\#W neutrons with low energies can be observed, of course with-
50 - + out the influence of the Coulomb barrier, and again the popu-

lation of the low lying neutron hole states is obvious. In both
cases the results can be interpreted in terms of a dominant

100

0(®,,0y) (arb. units)
=

50

0 | . . . statistical decay with a small but significant direct decay
45 90 135 45 90 135 180 component that seems to be a common feature of collective
Ocm. (degree) nuclear excitations in medium and heavy nuclei.
FIG. 10. ®He-p angular correlations for a decay of the GT giant V. SUMMARY
resonance region to the four lowest state$%r. The solid lines o , o ) ,
represent fits of Legendre polynomials. The excitation and decay of collective spin-isospin exci-

tations in °°Nb has been measured using tfiki(®He) reac-
region of high level densities if°Zr. This distribution of tion on a °%Zr target by use of the magnetic spectrograph
low energetic protons is well described by a calculation in“Little John” and a semiconductor multidetector array.
the statistical decay model represented by the solid line. The The investigations of the decay characteristics of the
evaporationlike shape of the proton spectrum according t@Gamow-Teller giant resonance showed a dominant statistical
the formulaN(E,) = E,exp(—E,/T) must be modified by a damping. For the Gamow-Teller giant resonance a direct de-
Gamow factor describing the hindrance of penetration forcay component is not observed but cannot be excluded. Even
very low energetic protons. The angular correlation meaat higher excitation energies strong evidence for a direct de-
sured for the protons decaying to the broad distribution isay component was found. The measured relative branching
plotted in Fig. 11c). It is found to be nearly isotropic again ratios for a proton decay to the four low lying neutron-hole
in agreement with a statistical decay mechanism of a supestates in®*Zr were compared to calculations in the statistical
position of many multipolarities. model. A rather good agreement could be achieved if addi-
TABLE Il. Legendre parameters for the angular correlations oftlonal Streng.th W.Ith higher mUItlpmant.ld.SBl Is taken into

Fig. 10. account. Spin dipole strength glsp visible as a broaq reso-
nance at around 17 MeV excitation energy in the singles
Do 92" p, 1/2° p, 3/2” ps 52 spectrum can be clearly {dentiﬂed !n the continuum under the
GT giant resonance. An investigation of the proton and com-
0° A, 614+48 87.2:5.0 63.74.3  77.7438 peting neutron decay extended to higher excitation energies

a, 0.10+0.14 0.24-0.11 -0.03+0.12 0.1%*0.11 in ®“Nb could give more information about the damping

mechanism and the composition of nuclear continuum and

2° Ay 67.6£5.1 58.2:4.5 48.5-4.0 71.7%4.8 resonant strength.

a, 0.18:0.16 0.45-0.18 0.14-0.18 0.24-0.15 The distribution of Gamow-Teller strength was evaluated
in detail. The excitation energy and total width of the
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