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A high-resolution study of dipole transitions to bound states up to 10 MeV ir phshell nuclei®®Fe and
%8Ni was performed by means of the nuclear resonance fluorescence method. Unpolarized and partially linearly
polarized bremsstrahlung photons with different end point ener@és 10, and 12 MeY were used to
determine excitation energies, spins, parities, and transition widths of more than 60 levels observed in each
nucleus between 2 and 10 MeV. The vast majority of the observed transitions are dipole ones and to the
strongest of them ak1 assignment could be given. TE& strength distribution shows a high concentration
around 8.2 MeV that may be connected with e pygmy resonance in heavier nuclei. TREL spin-flip
strength shows a concentration around 8.7 MeV&Xi. On the contrary, irfFe its distribution is rather flat.
The observedV 1 strength is weak in both nuclei. A study was made of the feeding and branching of the
observed levels. Calculations were performed for these nuclei in the framework of the quasiparticle phonon
model and a comparison with experimental results is made. Apart from the strength, experimental and calcu-
lated results agree quite well and information about a scissorslike moEérand a I two-phonon state in
%8Ni could be extracted.

PACS numbg(s): 23.20.Lv, 25.20.Dc, 27.48.z

I. INTRODUCTION et al. suggested that only part of the neutron skin is respon-
sible for this phenomenaofi4].
Recently the study of electric dipole transitions from Inan attempt to extend the&el strength systematics fur-

high-lying bound states in nuclei gained much interest. Théher into the medium-heavy and light nuclei, we report here

E1 strength distribution in spherical nuclei near shell clo-On & high-resolution study of dipole transitions below the

- - - T eutron emission threshold in tH@-shell nuclei °®Fe and
sures seems (o display quite some fine structure in this erg_BNi In addition, these nuclei inq?he vicinity of the closed

?éggR;e?;ﬁnoizgrmEggla tlog):(s Zl;i:‘:n?;?r:ﬁiﬁsliszogzgﬁﬁ,_Z=_28 shell, also represent a favorable region to observe
116 1240 141 13 Y, €xp 14 spin-flip M1 resonances. e the neutron i, shell is
made on*'* Bn[1], 1**Ba (2], Ce (3], and the Odoeg_Y completely filled while the 15, orbitals are populated by
[4], using the photon scattering technique. A conspicuousyg neutrons only. The protonf, orbitals are almost com-
concentration ofEl strength turned up clearly around 6.5 pletely filled except for two proton holes. IFfNi the two
MeV in these nuclei. This “pygmy resonance,” named asextra protons close thef},, shell. As the gap energy be-
such in analogy to the GDR, was first observed in heavietween these two orbitals is expected to be about 8 MeV, a
nuclei in the Pb regiof5] at 5.5 MeV. Indications of its considerableM1 strength, corresponding tofl,—1fgy,
presence in Ba and Ce isotod&g and in theN=50 nuclei ~ spin-flip transitions, can be expected in this energy region.
8gr and %7r [7-9] were also found. FoP?Mo a recent This was confirmed by electron and proton scattering experi-
photon scattering experiment at the 15 MeV linac in GentMeNts on these nuclgl5,16.
established the presence and Eie character of this pygmy Because of the high selectivity of the photon probe, ex-

X ! citing nuclei mainly via dipole and to a much lesser extent
resonance centered at 6.5 Mg10J. Theoretically, this local via electric quadrupole transitions, nuclear resonance fluo-

increase oE1 strength can be explained in different ways. It rescence(NRF) is a very effective method to study the
was reproduced by Oraet al. using a two-group schematic apove-mentioned dipole transitions. In thel spin-flip or
random phase approximatidRPA) model, suggesting that pygmy resonance regions where the level density becomes
between the unperturbedpdlh states concentrations of quite high, this is an important asset. Combined with the
strength remain when the rest of the strength is pulled up intexcellent knowledge of the electromagnetic interaction and
the GDR[11]. A similar interpretation is given in a micro- the use of high-resolution germanium detectors we can mea-
scopic quasiparticle phonon mod@PM) in Refs.[1-3].  sure model independently decay widlhsparities, and spins
The observed position of the pygmy resonancéfisn was  of individual levels up to the particle emission energy. In the
nicely reproduced with this method. In a macroscopic way, itfp shell, the neutron separation energy is quite high, allow-
can be considered as an oscillation of a small part of théng one to map the dipole strength up to 10 MeV. It should
nuclear surface against the nucleus HulR,13. Van Isacker  be pointed out, however, that, although the NRF method rep-

resents an ideal tool to studgl transitions, it is not as ideal

for detectingM 1 transitions as methods based on electrons

*Permanent address: Bogoliubov Laboratory of Theoretical Physer hadronic probes. Since we observe the deexcitation of

ics, Joint Institute of Nuclear Research, Dubna, Russia. levels,E1 branching from 1 statesto 0, 17, or 2~ levels
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(having higher probability than the dired 1 transition to The NRF method and the relevant features for the setup in
the ground statewill cause the observe®!1 strength to Gent have been extensively reported on in, among others,
diminish. A comparison between QPM calculations and NRFRefs.[1,20,23—-2% We give here, based on these references,
experiments on Sn nucl¢ll] revealed also that the heavy a short synopsis of the most important observables.
fragmentation of the 1 strength caused the cross sections The photon scattering cross section integrated over a
of the individual transitions to fall below the detection limits. Single resonance, is given by
In the lighter fp-shell nuclei fragmentation will be less, so -
we expect to observe at least the strond@4t transitions. do(y.y’) _ 2J+1 Wﬁc)2<rori) W(8,¢)
In %Fe(y,y') experiments performed by Kumagsii al. dQ 2Jp+1\ E4 r 4w
[17], Ishkanovet al. [18], and Chapuramt al. [19], several
transitions have been identified between 3 and 10 MeV. IiwhereJ, andJ are the spins of the ground and excited state,
the latter and most extensive experiment, bremsstrahlungspectivelyI'y, T';, andT" represent the ground state decay
photons were used, produced at the 100% duty cyclevidth, the decay width to an intermediate level, and the total
MUSL-2 accelerator of the University of lllinois. About 46 decay width of the considered excited stdfg.is the exci-
transitions were observed in two runs with maximum enertation energy of the level and/(6,$) the angular distribu-
gies of 7.6 and 10.3 MeV. Although excitation energies andion of the emitted radiation. The scattering angles the
transition width ratiosI'3/T" were obtained for 46 levels, angle between the incoming and scattered photon, while the
spins were determined for only 13 excited states below 7.@&zimuthal anglep is defined by the angle between the scat-

MeV. In aSGFe(f;,ry’) experiment performed in Giessésee tering and the polarization plane. For unpolarized brems-
Ref. [9] and references therginwith off-axis polarized strahlung, the angular distribution becomes dependent only
bremsstrahlung, the parity of eight levels could be deteron # and can be described by a sum of Legendre polynomi-
mined. For seven of themJ value of 1~ was found while ~ als, depending on the multipolarity of the transitif26].

only for one level al™ value of 1 was obtained. In a short MeasuringW(#6) enables the determination of the multipo-
test run with off-axis polarized bremsstrahlung at the therfarity of the transition. For even-even nuclei with ground
newly installed facility in Gen{20], intended to show the state spinJo=0 it is sufficient to measure only under the
potential of the setup, the parities of nine levels'fRe were  optimal angles of 90° and 127°. The raW¢(90°)/W(127°)
obtained. The work presented here is partly the continuatioBmounts to 0.73 for dipole transitions and 2.28 for quadru-
of this 56Fe(;,,7,) experiment. It was intended to increase pole transitions. The latter value is slightly changed to 2.14

the statistical accuracy, allowing one to prove the expectea"hen thg solid an_gles of the detector_s are taken into account.

presence of severalll transitions and to study thEl For elastic transitions, where the excited state decays back to

strength distribution. At the same time, to achieve a completd1€ ground st%tef(i =T'p), the observed cross section is pro-

characterization of the observed transitions, spins for levelgortional toT'g/T". If the total decay width is known, or

up to 10 MeV in 5%Fe were determined through measure-8ssumed to equal the ground state transition width (

ments with unpolarized bremsstrahlung. ~F0).,. the reduceq transition p-robab.|I|®(lar,L)T for the
Almost 20 years ago®®Ni was studied at the NRF setup transition with paritys and multipolarityL is extracted by

in Giessen. In §,7') experimentd21], ten levels were ob- Means of the relation:

served and for five transitions the parity could be determined

@

[22] using polarizec_j br_em;strahlung. An extended survey of 8m(L+1) E |2t+120+1
the M1 strength distribution, based on electron scattering F0=—2 7c 5341 B(m7,L)T. (2
experiments, already exist&5], but theE1 strength and its LI(2L+1)H]

fragmentation below the neutron separation energy remains

largely unknown. Our present investigation of the dipole re-  Parities were determined using linearly polarized photons

sponse in*®Ni extends this available information and allows in the entrance channel and by measuring the azimuthal

at the same time for a precise and detailed comparison withsymmetry of the scattered photons. The asymmetry is mea-

the (e,e’) work and with our results for°Fe. sured for photons scattered paralled &0°,180°) and per-
pendicular ¢p, =90°,270°) to the polarization plane under a
scattering angl@=90°. The analyzing poweX (0) for this

Il. EXPERIMENTAL SETUP AND PROCEDURE reaction is defined as the normalized difference of the angu-

lar distributions perpendicularL() and parallel [) to the

polarization plane:

NRF experiments using a continuous energy photon beam

A. NRF method and formalism

from an intense bremsstrahlung source allow the simulta- W(8, =, )—W(8, =)
neous observation of all nucled=1 states in even-even 3(0)= W ’ — & W : — ” . ©)]
nuclei that have a sufficiently high ground state transition (0.4=¢)+W(0.6= )

width. By observing the photons from the deexcitation pro-

cess with Ge detectors, the fragmentation of the dipolefhe maximum analyzing power for 0-1-0 and 0-2-0 spin
strength for energies up to the end point energy of the bremszascades occurs @=90° and is+1 for negative parity
strahlung can be investigated. transitions E1) and—1 for positive parity transitionsh 1
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TABLE I. Overview of the NRF experiments.

Nucleus Reaction E, max (MeV) Target material Measurement tin(le)
*Fe ».7) 10 1.5 g"¥Fe+ HyBO; 300

(v:v") 6.5 1.5 g"¥Fe+ Hy;BO, 100

(7,7") 12 10.5 and 13.8 §%'Fe 530
&\ (v,7") 10 1.5 g®8Ni (95.9%)+ H3BO, 300

(v:v") 6.5 1.5 g5®Ni (95.9%)+H;BO, 100

(7,7 12 9.5 g°®Ni (99.9%) 470

andE2) [27]. For a not completely polarized incoming beam wherel ¢ is the cross section integrated over the single reso-
with polarizationP,,, the measured asymmeteycan be rep- nance and over the full solid angld; the number of target

resented as nuclei, e the detector efficiency, ard,, the photon flux. The
quantity ey=N.eN,, is determined as a function of the pho-
N, =N ton energy using the measured areas, the known cross sec-
€= m =P,%(0), (4) tions, and angular distributions for the transitions in the cali-

bration material included in the target. In this way, the
whereN, andN; are the number of counts, respectively for Calibration and studied targets are measured simultaneously
the detectors perpendicular to and in the polarization pland!nder exactly the same conditions; also the effects of solid
Comparing the measured asymmetry with the known polarangle and absorbers are included, and the need to perform

ization degree of the beam thus reveals the parity of th&eParate measurements of the photon flux is avoided. Feed-
observed transition. ing effects in the calibration nuclei were measured in sepa-

rate experiments using boron acid targets and are taken into
account. To the experimental, values a three-parameter
B. Setup and procedure least-squares fit of the form

Our NRF experiments were performed at the 15 MeV
linac in Gent. The setup is described in detail in R&0]. en(Ey) =expa; +a,Ey+azE2)S(E, ,Eq) (6)
The experiments with unpolarized photons were performed
with bremsstrahlung with end pOint energies of 10 and 6.5Nas performed’ Whers(Ex,Ee) represents the thin target
MeV. The measurements with 6.5 MeV bl’emsstrahlung ar&chiff bremsstrah|ung Spectru[[ﬁo:l, depending on the
necessary as the feeding of a levehused by transitions premsstrahlung end point enerds,. Figure 1 displays
from higher-lying levelsbecomes important at about 4 MeV ¢ (E,) measured in the 10 MeV®Ni experiment(full en-
forming experiments with different maximum energies for The experiments with polarized photons were performed
the bremsstrahlung this feeding problem is circumvented angith bremsstrahlung with an end point energy of 12 MeV.
accurate transition strength information for energies betweejnce the polarization degre, of the beam drops to zero

2 MeV and 10 MeV is extracted. The feeding systematiCshear the end point energy, we can only start determining
can be studied and comparison between both measurements

allows one to identify the branching behavior for several
levels. 320 B,
For the unpolarized measurements the targets consisted i :
both cases of thin metallic disks of about 2 cm diameter.
Similar disks of boron acid (§BO;) were alternately in- 240f
serted between the iron or nickel disks. Table | displays the
amounts used, the enrichment of the targets, and the effectiv .
measuring time per detector. Seven well-known strong tran- 160
sitions in 1B [28] and %0 [29] were used for energy and
efficiency calibration. The energy calibration is not only im-
portant for determining the transition energies in the target so
nucleus, but also to enable for the correction of eventual
shifts in the gain of the amplification chains of the detectors.
The efficiency calibration is especially important for de- B T B— T 5355
termining the correct transition probabilities. The relation be- Energy [keV]
tween the observed aréeof a peak in the spectrum and the
scattering cross section is FIG. 1. ey (E,) at 6=127° as a function of the excitation energy
(taking full energy and escape lines into accguot the 10 MeV
A=INeN W(0) (6=90°1279, (5) %8Nj experiment. The meaning @, is explained in the text.
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meaningful asymmetries about 2 MeV below this energy. 2000 A AN
Parities can, with only a few exceptions, be determined from ¢ \‘Ju |10 eV IR
6 MeV up to 10 MeV. At the very low energie3,, is high 3 l

enough, but as a result of the worse peak-to-background rati_ 1000 E
and the feeding mechanism, which destroys the azimutha¥
asymmetry, it becomes in general impossible to determinee 3
parities. 2000 i

The targets were of the same shape as in the experimem*g A
with unpolarized photons. Details are given in Table I. In the 3 !
case of*Fe the spectrum results from two separate experi-= 1000F
mental runs with slightly different amounts of target mate-
rial. The strongly enriched®Ni target had a powdery form
and was contained in a thin disk-shaped polyethylene pack
ing. The four Ge detectors were arranged at a scattering
angle of 90° and azimuthal angles of 0°, 90°, 180°, and
270°. Since the quality of these spectra is lower than those FIG. 2. Part of the®®Fe and *Ni spectrum at§=127° and
recorded with unpolarized photons, we used them only foE,, n.,=10 MeV. Arrows indicate the calibration lingéncluding
parity determination and not to extract transition strengthsescape lings
Therefore the targets contained ngB®; standard.

Uncertainties include mainly statistical errors. For eachffom the 6.5 MeV electron beam is too low to detect weaker
angle, they energies were corrected for Doppler and recoiltransitions or to extract transition strengths with high accu-
effects to obtain the right level excitation energy. Where posfacy.
sible, the weighted average over the full energy, single es- Spin assignments for both nuclei are based on the angular
cape, and double escape lines was taken. In the uncertaintiistribution ratio (see Sec. Il A of the scattered photons.
in the energy, a contribution stemming from the polynomialFigure 4 shows as an example the measured ratios
fit through the calibration standard data points was addedV(90°)/W(127°) for all the transitions observed between 5
linearly for each energy and angle. The final energies are thend 10 MeV in the 10 MeV experiment difFe. The solid
weighted average over the two angles. For the cross sectiofi§es represent the expected values for dipole and quadrupole
only statistical uncertainties were taken into account. Since gansitions. In case of an isotropic distributidior most in-
direct determination of the photon flux was not necessarglastic transitions or heavily fed ground state transitidghe
with our method, the most important factor is the uncertaintyratio will be 1, as represented by the dashed line. Since the
in the peak areas. The uncertaintyeip contributes mainly at angular distribution ratios for the isotropid) and dipole
high energies or for the strongest transitions. No correctioi0-73 cases are very similar, it is dangerous to extract spin
for nuclear or atomic self-absorption was necessary, sincassignments for transitions where the feeding effect plays an
the amounts of target material were rather small. The maifimportant role(about 4 MeV below the end point enejgy

source of systematical errors originates from the feeding efBy considering all the angular distribution ratios below 6
fect, which we will discuss later. MeV from the 6.5 MeV experiment only, and for the levels

above 6 MeV from the 10 MeV experiment, we obtain good
spin assignments for all transitions between 2 and 10 MeV.
IIl. RESULTS In order to obtain parities, the measured asymmetry val-

Figures 2 and 3 display the high-energy part of they( ) ues from the experiments with polarized photons are com-
spectra of*°Fe and*®Ni for E., ,,,= 6.5 and 10 MeV, taken
at 127°. The HBO; calibration lines are indicated with ar-
rows. Because of the appearance, for each transition, of ful
energy, single escape, and double escape lines, the spectra F
10 MeV are rather complex, but because of the excellent 1000
resolution of the Ge detectoffull width at half maximum  ~ :
(FWHM) of 7 keV at 7 MeV|, most transitions could be 2
individually detected. The nonresonant scattering of photons ,,
at the target, mainly responsible for the background, cause*g 2000 |
the peak-to-background ratio to worsen at lower energies ©
preventing the detection of weaker transitions and the deter
mination of multipolarities. By measuring at different end
point energies this problem is largely avoided. It is obvious E ]
that the background in the 6.5 MeV measurements is muct E ‘ . . ! ;
lower, and hence the peak-to-background ratio improves. 2000 3000 ‘Eor?grgy [kefﬁoo 6000
Therefore, and because of the feeding effects, the transitions
below 6.2 MeV are deduced from the spectra taken with the FIG. 3. Part of the®Fe and i spectrum at¢=127° and
6.5 MeV beam. Between 6.2 and 6.5 MeV the photon fluxE, ,,..=6.5 MeV. Arrows indicate the calibration lines.
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e s oo . FIC: . Th dtecton i for he ground st anston

lower energies feeding effects make the angular distribution isotroFO (left scalg z:gd.the reduced transslélon plro.bablllB)(.El)T (right
ic [W(90°)M(127°)=1]. The expected ratios for the spin se- scalg for the °°Ni experiment. For°°Fe similar limits were ob-

P ' i - . _tained. Up to an excitation energy of 6 MeV the 6.5 MeV spectra

quences 0-1-0 and 0-2-0 are indicated by the solid lines. The iso- o

tropic distribution is represented by the dashed line. were used, from an excitation energy of 6.5 MeV onwards the de-

tection limits are those from the 10 MeV experiments.
pared to the polarization degree of the incident photon bea

(se;a Secl. I AfFlgthl]re t5 d|s_?lays .aﬁgN"?“; exak:nphle the f.itsym'were used for the calculatipnwhich accounts for the steep
metry vajues Tor e transitions NI Lo Which a panty  jeq in the detection limits above 6 MeV. Over the whole

could be assigned. The dashed lines represent the expectg ergy region the B(E1)T limits stay well below

ban_ds of the asilmmetry values for transitions inducing, y-3.2 g2 " rpe sensitivity of the experiments to polarized
(7=—) or not (w=+) a parity changdthe absolute asym- photons is not as good however, because the higher end point
energy of 12 MeV causes the peak-to-background ratio to
Riiminish in the energy region of our interest, notwithstanding
the longer measuring times. Therefore only the parities of the
strongest transitions could be determined.

Thents were combine@up to 6 MeV the 6.5 MeV spectra

quickly to zero, indicating the influence of the feeding effect.
The detection limits in the experiments with unpolarized

photons are approximately the same for bé¥Ni and >®Fe

measurements, and are shown in Fig. 6. They were calcu- . 56

lated assuming that a transition can only be observed in the A. Experiments on *Fe

spectrum if the full energy peak area is larger than 3 times Table Il displays the energies, the spins, and parities, the

the standard deviation of the underlying background. Thesnergy integrated cross sectibyy and the transition widths

detection limits for the ground state transition widti%) T’y for the 66 transitions found in®Fe. Below 6 MeV all

and theE1l reduced transition probabilitigB(E1)1] are values result from the 6.5 MeV experiment, except when

displayed in the same graph. The 6.5 and 10 MeV measuréndicated otherwise. In these cases, the valuk, should be

considered as an upper limit due to the expectance of quite

some feeding. Spins for almost all transitions could be ex-

LI I R Rt S [ I I I I I L S I I

20 [ = =] ‘“#1:::;;:::?\ 58Ni E tracted and parities for 15 of them. The strong transition at
g "+*~ii:z¢\ + 1 3448.6 keV is the well-known scissors mdde3,19, and its

10} et g parity is known to be positive. The level at 3369.7 keV is
+ ”+ ] described in Nuclear Data She¢®i] as a 2° state, and this

was adopted in our work as it is necessary to know the mul-
{ tipolarity for a correct calculation of the transition widths.
+++ AT Besides this transition, only one other quadrupole transition

[

|
—_
(=

T

i ] turned up in our experiments at 5257.1 keV. No parity could
1 /,,5%::555:““ be extracted for this transition, but &2 transitions are
] extremely weak in NRF experiments, we can assume that the
parity is positive E2 transition). For some transitions near
the end point energy of 10 MeV no spin assignments were
possible due to the poor statistics associated with the low
Energy [keV] photon flux. The transition at 5851.5 keV, only observed in
FIG. 5. The measured asymmetries for fli experiment with  the 10 MeV experiment, coincided with an inelastic transi-
polarized photons. Only those transitions to which a parity could bdion in 'B.  After correction there remained a transition
assigned are displayed. The dashed lines represent the error bantliglth T'3/T" of 26=16 meV, in good agreement with the
for the expected values for positive and negative parity transitionstesult from Ref.[19]. All peaks corresponding to the two

Asymmetry [%]
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TABLE Il. NRF results for ground state transitions RfFe. For states without observed branchifg was calculated under the
assumption of a pure ground state transiti(ﬂﬁ/(l“=l“o). Where possible branching was observed the branching ratio is displayed and
incorporated in thd’ value. Parentheses indicate tentative assignments. Possible inelastic transitions arégsréstinated by footnotgs
treated as ground state transitions.

Energy s I'o I3 B(E1)T,B(M1)]
(keV) Jm (eVhb) (meV) /T (meV) /T2 [(107%€? fm?), (ud)]
9768.2+0.7 41+19 336+158 480+130
7£1.3P + 0.31+0.09
9741.7+1.3 (1) 61+16 1618222 950+ 250
9732.2+1.6 63+19 521+152
9664.7+0.9 53+9 429+75 670+220
9622.9+2.5 1 59+10 473+83
9554.8+1.3 1 86+ 15 680+119 390+140
9434.9+2.3 41+9 313+71
9402.0+0.6° 1 89+12  1305:155 0.52+0.09 650+ 150
9323.7+0.7 1 102¢12 76788 650+140
9312.2+0.8 1 116+12 869+88 640+130
9287.6+1.0 1 120+11 899+81 750+170 3.24:0.29 E1
9156.8+1.0 1) 190+17  1384+122 950+310 5.20:£0.46 E1
9137.6+0.5 1 117+12 844+87 570+120 3.19r0.33 E1
9107.8+0.8 1) 116+11 83878 860+180 3.20:t0.30 E1
8988.9+0.6 1 91+10 639+72 310=70
8972.2+1.1 1 25+11 173+77
8963.6+0.7 1 65+12 454+82 380=70
8908.9+1.2 (1)) 94+46 647+316 470+100 0.238:0.116 M1
8879.3+0.9 1 59+10 402+-68 300=80
8766.1+0.8 1 9712 649+78 410-80
8652.5+0.8 1 62+11 403+70
8554.7+0.94¢ 1 51+10 327+65
8536.3+0.4°¢ 1 395+16 2714112  0.92£0.05 2040:310 12.520.52 E1
8343.3+0.6 1 59+9 357+52
8307.0+0.8 1* 74+9 445+51 240+80 0.201+0.023 M1
8239.6:0.5°¢ 1 509+12 325781 0.92£0.03  2630:420 16.75:0.42 E1
8219.4+0.6 1 64+ 10 372+58 26050
8128.7+0.4 1 266+11 152661 1940300 8.19+0.33 E1
8119.6+0.8 1 68+9 391+52
8011.9+0.6°¢ 1 73+8 547+48 0.75-0.10
7917.9+0.4 1* 70+7 380+39 0.199+0.020 M1
7887.6-0.7 (1) 73+17 396+92 280+50
7763.6-0.6 (1) 33+13 170+69
7689.8+0.64 1 25+6 128+32
7467.6+0.5 1+ 54+11 260+55 180+30 0.162:0.034 M1
7446.2+0.6 1 39+6 189+30 170+50
7392.5+0.44 1 34+6 161+27
7282.2+0.7 1 58+9 266=41 290+120
7249.4+0.5 1+ 48+7 219+34 200+30 0.149+0.023 M1
7211.1+0.3°¢ 1+t 112+7 614+38 0.82+0.05 50080 0.425¢0.026 M1
7166.0:0.7f 1 39+5 175+22 89+15 1.37+0.17 E1
7134.6+0.7 1 29+7 130+31 56+10
7066.4+0.9%9 1 32+5 268+28 0.51+0.10 11020 0.63+0.04
6977.4+0.5¢9 1 36+6 153+25
6925.4+0.3° 1 162+5 750+31 0.90+0.05 700110 0.92+0.01 6.52-0.27 E1
6433.7+0.6¢ 1 37+10 134+35
6365.0+0.6 1 225 7617
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TABLE II. (Continued.

Energy s Iy rara B(E1)7,B(M1)]
(keV) Jm (eVhb) (meV) /T (meV) I,/T? [(10%€? fm?), (ud)]
6251.2+0.6° 1 25+4 166=19 0.52+0.09 56+13 0.54+0.04
6218.2+0.6%" 1 25+3 82+11 34+8
6078.4x1.5%" (1) 15+4 48+13 28+5
5851.5+0.4" 8.9+5.4 26+16 24+6
5571.4+1.1 2) 3.4+1.3 9.2+4.9
5538.4+0.8 1 7.3x1.6 20+4
5403.6+0.8¢ 1 9.3+2.4 24+6 27+6
5257.1+0.5°¢ 2 142 30+6 0.67+0.10 23+4
5227.8+0.4 1 18+3 42+6 37+6
4846.1+0.8" 7.7+2.3 16+5 7.1+3
4669.4-0.5 (1) 6.2+2.0 12+5
4409.7+0.449 2 3.6+1.1 6.0:2.6
3605.5-0.4f (1) 9.6x2.6 11+4 11+2
3448.650.2°¢ 1+t 60+3 78=5 0.79+0.06 7712 0.79:0.02 0.494:0.032 M1
3369.7+0.5%" 2+ 14+3 47+6 0.17+0.05
2983.1+0.4 1 6.0:1.4 4.6+1.6
2763.5-0.4" 14+2 9.4+1.1
2742.7+0.9 2.9+1.0 1.9+0.9
2133.1+0.2" 41+3 16+1
SB(E1)] 60.2+1.1
SB(M1)T 1.87+0.14

3From Ref.[19].

bPossible branching observed to the 2763.5 keV level.

Possible branching observed to the first Rvel at 847 keV.

dPossibly inelastic transition.

€Possible branching observed to the 3605.5 keV level.

fPossibly partly inelastic.

9The branching to the 847 (9 keV level was indicated in Ref19]. In this work the Ritz rule had to be applied with two standard
deviations instead of one to reach the same conclusion.

"Observed only in 10 MeV measurement; strengths include feeding effects.

transitions at 7887.6 and 7763.6 keV were contaminated bjfom the copper used in the shieldifg?'Cu(n,y), E,
calibration or other®®Fe lines in the spectrum and their =7916+1 keV [32]]. It must be a®Fe transition however,
strengths should be treated with some caution, although thgecause of the following reasons: Almost no copper was
relatively large errors reflect the necessary corrections for thgged in the shielding of our setup. The transition is also not
contamination. visible in other spectra®fNi, H;BO;). Two other strong

In the gixth column of Table Il, a comparison is made naiCy(n,y) lines at 7637 and 7307 keV should be visible
with the I'g/I" values from the NRF experiments by Chapu- 5 5ngside, but they are not. Furthermore, the transition in

rBan _edt al.ﬂ[119:(|j v;/ltht_electfrc;r; bearr;s of.t_10.3 ang ﬂ71.6theV. guestion exhibits a distinct angular distributi¢dipole) and
esides the detection o hew transitions and the determy ;. ;iha| asymmetry-18+9%), indicating anM1 char-
nation of 41 unknown multipolarities, two previously ob- S
; cter. Considering all these arguments, one can conclude that
served doublets could be resolved in our work. The double

at 97375 keV [19] was resolved into two lines at 9741.7 t eTtr:ansmon at 79129 ch'E\t/' m“?‘ beI_ong Et?_Fe. s betw
and 9732.3 keV. The transition width of the doublet is in ere were no contradiclions In spin assignments between

good agreement with the summed value of both transitiond?°th experimzents and the calculated ground state transition
The doublet at 36023 keV[19] was resolved into two tran- Width ratiosI's/I" agree in general within the error. Between
sitions at 3605.5 and 3600.3 keV. The latter is not included® and 7.6 MeV(the lowest bremsstrahlung end point energy
in Table Il since it is an inelastic transition, as stated inused in Ref[19]) there could be deviations due to feeding
Nuclear Data Sheetf31]. In Ref. [19] the transitions at effects connected with the high end point energy of 10 MeV
9107.8, 8963.6, and 8128.7 keV were considered as multinh our measurements. This is the case for the first three tran-
plets, but no indication for this was found in our experi- sitions above 6 MeV. For two levels at 7166.0 and 7134.6
ments. A transition at 7917.9 keV is also included in TablekeV there is also a discrepancy, although we expect the feed-
Il. According to Chapuraret al. [19], this transition comes ing effects to be minimal in this energy region. It is worth
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noticing, however, that the strengths measured by Chapuran One must keep in mind that the Ritz rule only indicates a
et al.[19], only for these two close-lying transitions, lie be- possibility for decay to the intermediate state. Therefore the
low the detection limit§100 meV at 7 MeV of their experi-  resulting inelastic transitions are still present in Table Il and
ment. Therefore we consider our results more reliable. Théreated as ground state transitions. The two lowest inelastic
good agreement elsewhere shows again, as stated in Réfansitions at  2523.0 [3369.7-847 (21)] and
[19], that the strengths obtained for five levels in the photor2601.6[ 3448.6-847 (2")] keV are not included, however,
scattering experiments by Kumaggtial.[17] are systemati- since their inelastic nature was determined in other experi-
cally too high. Also thel'3/T" value of 128@ 170 meV for ~ments and adopted as such in Nuclear Data Sti8&jsThe
the 9137.6 keV transition obtained in an NRF experimentRitz rule established some more candidates for inelagtic

with monoenergetiey rays[33] seems rather much overesti- €@scades, but those could be ruled out on the basis of a
mated. comparison between the experiments at different end point

In a recent NRF measurement with a 6.6 MeV electronenergies(lo' 7.3, 66 and 6.5 'V'e)Ve!f?d_ by_ cqmparing ex-
beam on®Fe by Ishkanowet al. [18] the energies and tran- pected cross sections with the sensitivity limits of the differ-

. . ) o nt measurements.
sition widths of eight transitions were dgtected betwe_:en $ For all levels below 6.5 MeV, except the 3369.7 keV
and 6.6 MeV. For most transitions there is no contradlctloqev

ith K Th . d K el, the branching ratio could be extracted from the 6.5
with our work. TheM1 scissors mode at 3448.6 keV S€eMS\1av/ as well as the 10 MeV measurement. No contradictions

somewhat weaker in our measurement however. Since tgere found, which stresses the high probability of these
resolution in Ref[18] was quite wors¢FWHM of 8 keV at  pranchings. For these, the weighted average of both branch-
2 MeV), the doublet around 3602 keV was not resolved anqng ratios was calculated, and displayed in Table II.
treated as one 2 transition, hence the discrepancy in "The transitions at 7166.0 and 3605.5 keV can only be
Strengths with this work. The two transitions at 6251.2 an(bartia”y ine]asticl because they were also observed in the
4846.1 keV are probably overestimated in our measuremengxperiments with lower end point energy. By correcting the
but because they were taken from the 10 MeV experimentjg MeV strengths with the ones found in the 6.5 and 7.6
feeding effects can account for this. MeV experiments, thépossibly inelastic parts and the re-
The parities extracted from thé®Fe(y,y) experiment sulting branching ratios could be calculated.
largely confirm the results from the earlier NRF experiments In column 7 of Table Il a comparison for the branching
performed in GiessefB] and the test measurement in Gentratios is made with the results from Ref9]. Within the
[20] with two exceptions. In both Gent experiments, theerror bars there is agreement in all cases, and especially for
7211.1 keV transition clearly posesses a positive parity, inthe M1 scissors mode at 3448.6 keV. It is also worth men-
stead of the negative parity deduced in Giessen. For the tramioning that the branching ratio for this level extracted from
sition at 9107.8 keV, our experiment yields a tentative negathe 10 MeV experiment (0.790.09) equals the one from
tive parity, in contrast to both earlier experiments.the 6.5 MeV experiment (0.790.07). The branching ratio
Obviously, despite the higher statistics in this work, the stafrom the experiments by Ishkanet al.[34] also lies within
tistical nature of these experiments produces contradictorshe error (0.7%0.02). In a recent self-absorption experi-
results in this case. ment[34], the half-life of the scissors mode at 3448.6 keV
It is inevitable that some of the transitions in Table Il arewas determined to be 3.69.32 fs[34]. The value from the
the result of a decay to an intermediate level and not to th@resent work, with the observed branching included,
ground state. This has not only consequences for the olamounts to 5.8%50.37 fs. The discrepancy may perhaps be
served transition in questiofthe observed cross section is due to some small unobserved branchings of this |&ve
connected tol'oI'; /", with Iy, I';, and ' the transition final I'y/T" should then amount to 0.500.7).
widths of the decaying level to the ground state, the interme- Two other branching possibilities are mentioned in Ref.
diate state, and the total decay width, respectivédyt also  [19]: the level at 9154 keV [9154-847(2") keV
for the decaying level whosE, value will become larger =8307 keM and the one at 6698 keV[6698
than the observed'3/T". These inelastic transitions were —847(2") keV=5853 ke\]. For the first level the Ritz rule
searched for by applying the Ritz rule to the energies andlid not indicate a branching possibility, even when using two
their uncertainties of all observed transitions, completed withstandard deviations. In the second case the branching level at
known energies of low-lying level31]. The resulting tran- 6698 keV itself was not observed in our spectra. However,
sitions are indicated in Table Il by means of footnotes. Theshkhanowet al.[18] observed the 5853 keV transition using
levels from which these transitions evolve are indicated ina 6.6 MeV electron beam, and obtained a strength similar to
the same way. The branching ratios to the ground statéhat obtained in our 10 MeV experiment, ruling out an in-
(I'y/T") for these levels are also displayed. To calculate theselastic origin.
branching ratios, only the observed branching to intermedi- The final ground state transition widths from Table Il
ate states was taken into account. Because of possible nekre used to calculate the reduced transition probabilities for
observed branching to other intermediate levels, the calcuthe identifiedE1l andM1 transitions[B(E1)7, B(M1)71].
lated ground state transition widthg should be considered These are displayed in the last column of Table Il. The
as a lower limit. As can be seen, most of the indicated levelstrengths of the individual transitions were added to obtain
possibly branch to the first excited"2state at 847 keV, the total identifiedE1l andM1 strength, which is shown at
which is energetically most favored. the bottom of the table. This total strength should of course
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be considered as a lower limit because the parity of a largeelastic transitionE; , are displayed, as well as the resulting
number of weak transitions remains unknown. The strongediranching ratiol'y/I" and the final ground state transition
transitions were identified &1 or M1 however, so the total width I'y. In contrast to the results for®Fe, only about
strength is not expected to increase more than about a factone-third of the observed branching occurs to the first 2
of 2. state at 1454 keV. The possible inelastic transitions are again
also present in Table Il as ground state transitions. Only the
B. Experiments on &N two lowest transitions are not includéd140.6 and 1809.8
Table Il displays the 64 observed transitions®fiNi. As keV) because the related 3595.2454 a'nd 3263.9
in the previous section, all transitions below 6 MeV are from_>1454 keV cascades were already adopted in Nuclear Data

the 6.5 MeV experiment, except indicated otherwise. Spins?heets{gs]‘ The Ritz rule yielded some more branching pos-

for most transitions above 6 MeV could be determined ex-Sib”itieS' but these could be ruled out by comparing the re-
ults at different end point energies, by comparing with the

cept in two cases. For the transition at 8068.6 keV we caly | Data Sheets level schef@s] or in th f th

assume a dipole character however, because the parity turn ggegi 1253 K Se s evz sg € 'gr n ;Ca; eortthe

out to be negativésee Fig. 5. SinceM 2 transitions are very . ' €V cascade by considering the known pari-
ges of the three involved transitions.

unlikely to be observed in a photon scattering experiment, . .
tentative dipole character can be assigned to this transition. The level at 9630.5 keV can, according to the Ritz rule,

Several quadrupole transitions were also detected, mainigranch in three different ways. Since some of these can be
below 4 MeV. For the same reason as mentioned above, gPincidental, the three possibilities are shown in Table IV
positive parity can be assumed for these. Above 4 MeV onlyVith their respective branching ratios and fitg) values. In
one tentative quadrupole transition was observed at 7595 /@ct, each combination of these branchings is possible. The
keV. Many of the transitions below 6 MeV were observedbranching to a 2034.6 keV level is considered less likely:
only in the 10 MeV experiment, indicating considerable The related 2034.6 keV and the 7595.9 keV transitions have
feeding or an inelastic origin at these energies. Consequentljeen observed ds2 transitions. Hence the 9630.6 keV tran-
the angular distribution shows a more isotropic behaviorsition should also have a positive parity. Although no defi-
preventing spin assignments. nite parity for this transition could be determined, a positive
Column 6 of Table Il displays the results from the earlier value is quite unlikely: The measured asymmetry was (14
NRF experiment by Ackermanet al. [21]. They observed *+7)%, while the expected value for a positive parity is
ten transitions, of which nine were also detected in this work—5.6%, thus pointing more in the direction of a negative
The remaining one, at 9843 keV, is too high in energy to parity. Therefore we adopted in Table Il the combination of
be detected due to the low photon flux near the end pointhe two remaining possibilities, and the resulting branching
energy. There were no contradictions in spin assignmentgatio then amounts to 0.380.06. For the three branching
and most values fof , andT'3/T" agree within the error bars. possibilities together the branching ratio would be 0.25
Nevertheless, the transitions at 9667.8 and 8679.3 keV seefn0.03 and the final ground state transition widtp, 1815
to disagree substantially from Ref21], notwithstanding +150 meV.
their large uncertainties in that measurement. For the 8395.1 keV level two branching possibilities have
The experiment with polarized bremsstrahlung yielded 11been found. They are also separately displayed in Table IV
negative paritie$of which three tentativeand eight positive ~ With their respective branching ratios. For the final branching
ones(of which one tentative These are all connected with ratio, as displayed in Table Ill, the two possibilities were
transitions with multipolarity 1, and hence aEl or M1 combined, yielding a total branching ratio of 0:70.11.
transitions. The quadrupole transitions in the table can be It is also noticeable from Table IV that the 6424.9 keV
assumed to have positive parity. In an unpublished measuré-ansition can be an inelastic line originating from two dif-
ment performed in Giessdi22] with polarized bremsstrah- ferent levels. Since there is no indication of a doublet struc-
lung the parities for four transitions have been determinedture for this transition, it most probably belongs to only one
There were no contradictions with this work. For two transi-Of the two branchings. As no further indication of its origin
tions the tentative character of the parity could be made cercan be found, the two branching ratios are both present in
tain. The tentative negative parity for the 6027.3 keV transi-Table Ill.
tion could not be confirmed however. The last column of Table Il lists the identifiedl and
Compared to the results fotFe, it is remarkable how M1 transitions, with their respecti@(E1)T andB(M1)1
many transitions below 4 MeV are observed®fiNi, practi-  reduced transition probabilities. The total detecket and
cally all observed in the 10 MeV spectra onlgspecialy M1 strengths are displayed at the bottom. As in ffige
prominent are the strong transitions at 2598.4 and 3253.zase, these should be considered as a lower limit as the parity
keV). A high degree of feeding could be the cause, but as thef many weaker transitions is unknown.
level scheme of this low-energy region is considered quite
well known, it is not very probable. Perhaps most of these IV. DISCUSSION AND COMPARISON
transitions are inelastic ones. The results from the search for
possible inelastic transitions, using the Ritz rule, are dis-
played separately in Table IV. The energies of the decaying It is clear from the previous section that for bof¥Ni and
level, E,, of the final level,E¢, and of the intermediate Fe, the strongest transitions by far turned out to b& bf

A. E1 strength
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TABLE Ill. The same as Table Il but forNi.

PHYSICAL REVIEW C 62 024302

Energy s I'o rr? B(E1)7,B(M1)]
(keV) Jm (eVh) (meV) Lo/ (meV) [(1073%€? fm?), (uR)]
9723.0+0.9 1) 90+8 1760+128 0.42+0.05 5.52-0.40 E1
9667.8+1.5 1 68+12 812+166 0.67-0.18 1910-690
9630.5+2.4 1 57+6 1189+116 0.38-0.06°
9554.0+2.1 1 172+11 1362+84 1530+610
9523.3+1.3 1 165+10 2250146 0.58-0.05 7.50.49 E1
9455.4+1.8 1 295 222+42
9368.5-0.6 1) 163+15 1238:115 1260480 4.34-0.40 E1
9326.4+0.8 1 93+6 975+63 0.72-0.07'
9190.7+0.5 1 108+10 791+75 1010+400 2.94-0.28 E1
9156.9+0.7 1* 82+11 594+79 0.201+0.027 M1
9073.4:0.6 1) 124+9 888+60 0.309+0.021 M1
8961.3+0.7 1 54+ 6 378+39
8934.6+0.5 1 213+8 1474+52
8880.2+0.6 1 171+7 1170+45 4.81+0.18 E1
8857.4+0.6 1 110:22 751147
8679.3+0.8 1 314+16 2052+103 1160400 0.815-0.041 M1
8600.5+0.7 1" 125+12 803+80 0.328-0.033 M1
8552.7+1.3 ) 74+7 470+44
8514.1+0.4 1 109+8 686=51 3.20:0.24 E1
8461.0+0.7 1* 144+8 893+48 0.383-0.021 M1
8395.1+1.2 1 101+12 836+-78 0.74+0.11 4.07-0.38 E1
8317.1+1.7 1 40+6 239+36
8237.3+0.4 1 610+9 3590+55 2960+ 460 18.510.28 E1
8096.3+0.6 1 50£9 284+52
8068.6+1.2P°¢ (1)) 59+8 331+43 1.81+0.23 E1
7876.72.6 1 44+13 340+72 0.69+0.25'
7807.3+0.5 1 107+13 564+67 3.42£0.41 E1
7766.0+0.7 (1) 23+4 122+20
7709.7+0.6 1" 123+5 632+23 490+200 0.358-0.013 M1
7616.0+1.0°¢ (1) 9.5+4.1 48+20
7595.9+0.6°¢ 2 29+5 88+13
7585.1+0.6 18+8 89+41
7388.8:0.4 1* 97+5 457+24 0.294-0.016 M1
7271.70.7 1 100:10 456+45
7249.6+1.1 ) 11+4 49+17
7048.2+0.9 1 128+4 552+17 690+260 4.55-0.14 E1
6892.9+1.5°¢ (1) 9.7+4.9 40+20
6685.0+0.9°¢ 1 33+4 126=14
6430.7-1.0°¢ 1 18+2 66+7
6424.9+0.9°¢ 1 14+2 49+7
6027.3+0.7 1 1123 435+12 0.81+0.03 330110
5905.3+0.7 1" 10=2 18+3 0.023+0.004 M1
5528.0+0.4¢ ) 21+3 56=8
5452.2+0.4%4 1 12+2 30=4
5394.0+0.9 4.2+1.0 11+2
5359.3+1.6°¢ 4.8+1.2 12+3
4954.0+0.8 1 15+2 32+5
4574.1+0.5°¢ 1 12+2 22+3
4106.4-1.0¢ 18+2 27+2
3943.6+1.24¢ 12+3 16+3
3595.2+0.9 6.9+-1.4 33+8 0.24+0.03
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TABLE lll. (Continued.

Energy I Ty r3ra B(E1)7,B(M1)]
(keV) Jm (eVhb) (meV) /T (meV) [(10%€? fm?), (ud)]
3450.9+0.5¢ 36+4 37+4
3273.7+0.7¢ 2 14=+2 7.8+1.1
3269.1+0.8¢ 2 12+2 6.7x1.1
3263.9+0.6 2 10:1 12+3 0.47+0.1
3253.7+0.44 82+4 75+4
3202.2+0.34 30=4 27+4
3037.8+0.7 2 3.2:0.8 1.5+0.4
2741.8+0.7¢ 2) 12+3 4.6+1.0
2632.8-1.3 (1) 6.7+1.8 4.0:1.1
2598.4+0.3¢ 134+15 78+9
2385.1+0.9 ) 5.9+1.3 1.7+0.4
2034.6+0.3¢ 2 67+5 14+1
2014.9+0.4¢ 23+3 7.9+1.1
SB(E1)T 60.7=1.1
SB(M1)1 2.71+0.07

3 rom Ref.[21].
®No spin assignment was possible. Siléd2 (27) transitions are very unlikely to occur, we chose for a tentafiteassignment.

‘Possibly inelastic transition.

dObserved only in 10 MeV measurement; strengths include feeding effects.
®Branching ratio calculated for branching to 2014.9 and 3202.2 keV levels. See text.
"The involved inelastic transition at 6424.9 keV can belong to two different branching scenarios. Probably only one is genuine.

character. Of course, one expects quite s@&testrength in

sition probabilitiesB(E1)71 for both nuclei(barg. These re-

this region due to the tail of the GDR, which extends into thesults have also been smeared out with a Breit-Wigner func-
bound region, but our experiments reveal a concentration ifion with a width of 0.3 MeV to obtain a strength function

one (&Ni) and three t°Fe) strong transitions situated around
8.2 MeV. These transitions alone represent £8li) or 1/2
(°%Fe) of the total identifiecE1 strength. Figures (@ and

b(E1,E)7 (curve that incorporates the clustering of transi-
tions near each other. The total identified strength, which

is comprised in both cases between 5.9 and 10 MeV, is very
similar in both nuclei: 60.21.1 and 60.%21.1

8(a) show the observeH1 transitions and their reduced tran- x 10 3e? fm?, respectively, in°®Fe and®®Ni.

TABLE V. Possible branching irr®Ni. See text for complete discussion.

E, (keV) E; (keV) E; (keV) I'y/T 'y (MmeV)
9723.0+0.9 3037.650.7 6685.0-0.9 0.42+0.05 1760-128
9667.8-1.5 2775.5-0.22 6892.9+1.5 0.67+0.18 812+-166
9630.5-2.4 2014.9:0.4 7616.0:1.0 0.69+-0.13 658-100

(2034.6+0.3) (7595.9-0.6) (0.42+0.06) (1083-108)

3202.2-0.3 6430.71.0 0.46+0.06 98777
9523.3+1.3 1454 (2) 8068.6-1.2 0.58+0.05 2250+146
9326.4+0.8 2901.8-0.22 6424.9+0.9° 0.72+0.07 975-63
8395.1+1.2 2942.4-0.22 5452.2+-0.4 0.80t0.12 77176

3037.6+0.7 5359.3-1.6 0.90+0.15 680-75
7876.7-2.6 1454 (2) 6424.9+0.9° 0.69+0.25 340t72
6027.3-0.7 1454 (2) 4574.1+0.5 0.81+0.03 43512
3595.2+0.9 1454 (2) 2140.6+0.1 0.24+0.03 33+8
3263.9+0.6 1454 (2) 1809.8+1.1° 0.47+0.01 12+2

3 evel not observed in this work, but adopted from Nuclear Data Sl86is

®This inelastic transition can be connected with two different branching scenarios; probably only one is
genuine(see text

“This transition was observed in the 6.5 MeV measurement.
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FIG. 7. E1 strength in®%Fe from 2 to 12 MeV. Bars represent FIG. 8. The same as Fig. 7 but f6¢Ni.

the individual transitiongleft-hand scalg The curve(right-hand

scale represents the same results, but smeared out with a Breit- [N an attempt to estimate the strength missing in our ex-
Wigner function with smearing parameter of 0.3 MeV. P@t  Periments due to the concealment of weak transitions in the
displays transitions with aE1 assignment. In patb) all observed ~ background, we can compare our results e with the
transitions are include@ncluding possible inelastic transitionex-  tagged photon experiment of R¢L9]. In these experiments
cept those who could be identified &1 or quadrupole. Paffc) the use of tagged photons compensates a loss of resolution
displays the results of the QPM calculations. with the absence of any noticeable background. The binning
of the results in bins of 50 to 150 keV and the absence of
background also allow the strengths from weak transitions to
be present in the spectra. The elastic and ineldkaving
6Fe in its first excited state at 847 kg¥ross sections were
measured for excitation energies from 6 to 11.2 MeV. A
direct comparison between ouy,(y') results and the tagged

In Figs. 1b) and 8b) all the possibleE1 transitions are
displayed(meaning allE1 transitions and those who could
not be identified a$11 or E2 transitions, including inelastic
transitiong together with the smeared-out curve. Below 5

MeV we expect littleE1 strength and therefore most of these photon ones is shown in Fig. 9. The solid line represents the

transitions are probably dE2 character or unidentified in- total elastic cross sectian, ., (based on Ref19)), displayed
elastic transitiongcertainly in the case of®Ni, as discussed ¢ histogram to reflect the used binning widths. The energy
in the previous sectignTo be consistent with an increase of integrated cross sectiorl from this report are shown as
E1 strength towards higher energi@s agreement with the  pars(right scale. One can immediately notice the correspon-
shape of the Lorentz tail of the GDRmost of the transitions dence between structures in the tagged photon cross section
at these higher energiéand certainly above 9 MeMshould  and individual transitions. Only above 8.6 MeV does the
be considered aB1 transitions, as can be seen clearly fromcross section seem composed of many weaker transitions. To
the smeared-out curve. However, the strongest transitions ifbtain a more quantitative comparison, the NRF results are
both nuclei still seem to impose an additiofisl resonance smeared out with a Breit-Wigner function of variable width
around 8.2 MeV upon this tail. This resonance has a compain accordance with the binning width used in Rgf9],

rable strength in both nuclei but is somewhat broadeéfie  ranging from 50 to 150 keland plotted as a dotted curve.
due to the fragmentation over three strong transitions. Th&he overall agreement is quite good. The overshoot for the
total resulting strength between 5 and 10 MeV, when includthree strong transitions is due to the fact that, in the tagged
ing all transitions shown in Figs (@) and &b), amounts then photon experiment, no self-absorption corrections were in-
to 127+2 (*°Fe) and 1092 (°®Ni) X 10 3%e? fm?, which  cluded, diminishing the observed cross section specifically
must be regarded as upper limits. for strong transitions. Even at higher energies little strength
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L Jaas AREERRRES A 600 up to 11.2 MeV for*Fe and 12.2 MeV for®Ni. Both nuclei
4.0E = (tag?) 3 were considered spherical, which is an accurate description
asr | e hemeared) 3500 for the semimagic®Ni, whereas®®Fe is probably somewhat
* I deformed[38-4Q (6=0.17-0.20(18], 3=0.16[38)).
3.0 A 2400 ) : )
= E A1} — At first sight there is no one-to-one correspondence be-
E R5E — t 1300 % tween experiment and calculation, but this is surely beyond
& 20F : — the scope of the QPM, certainly at higher energies where the
o 155 | (PR 1200 fragmentation becomes quite important. In general, the cal-
2 A 3 culations show mor&1 strength and less fragmentation in
Loe R E R *8Ni due to the semimagic nature of this nucleus. Below 5
05 ) || | || || |"| M_eV, approximately the expected energy of the firststate
AN d \ \ . with a two-phonon charactet?; ®3;;17)), no other T
6000 7000 8000 9000 10000

states appear. So most unidentified, experimentally observed,
transitions below this energy can indeed be considered as

FIG. 9. Comparison between the tagged photon cross sectio(”2+_>og+s)E2 or inelastic transitions. Therefore it is more
from Ref.[19] (solid line) and the energy integrated cross sectionsmeaningful to compare strengths between 5 and 10 MeV
I, from the NRF experimentébars, right-hand scaleThe latter ~ only. For *°Fe, the upper limit for théE1 strength in this
results were smeared out with variable width to obtain the cros€nergy region amounts to 1270 3e? fm?, which is in
section with similar resolution as for the tagged photon cross secvery good agreement with the calculated value of 110
tion (dotted ling. X 10 %e? fm?2. In *8Ni, the experimental maximum value of

110x 10 3e? fm? lies somewhat lower than calculated
seems to be missed in our NRF measurements. It is als@®50x 10 3e? fm?), but this is mainly due to the appearance
worth noticing that the cross section between 9.3 and 10f the strong resonance above 9 MeV. A slight shift or re-
MeV is indeed decreasing with ener@ysing again at 10.5 distribution of the calculated transitions can alter this value
MeV), and is not due to the low photon flux near the endto great effect.
point energy in our experiments. We can thus assume that For the discrepancy in strength above 9 MeV two reasons
the missing strength fot°Fe is not quite large. Since one can can be brought forwardi) At higher energies the calcula-
expect the fragmentation of strength 3Ni to be even less tions will definitely underestimate the fragmentation of the
than in °%Fe, due to its semimagic nature, it is safe to drawstrength because of the necessary truncation of the basis.
the same conclusion also f6fNi. As only part of this miss-  Individual transitions, which fall below the detection limits
ing strength will be carried byE1 transitions, the above- of the measurements, will not be observed and hence will not
mentioned upper limits for th&1 strength will be rather contribute to the experimental strengti) Since the number
accurate. of appropriate intermediate states, to which branching can

To provide a theoretical basis for the observed transitionspccur, increases greatly at higher energies, the possibility of
microscopic calculations for excitations up to 12 MeV weredecay into these states, including cascades, increases with it.
performed in the framework of the QPM. These calculationsAs the observabley,y") cross section in NRF is connected
described in detail in Refi1], include complex configura- to T'3/T’, any of these cascade decays will “drain” the cross
tions up to the coupling of three phonons. Since the onesection, possibly even below the detection limits. In cases
phonon configurations were truncated at an energy of 2%here the branching is not so large but is not fully observed,
MeV, the influence of the GDR on the 1states was fully the branching ratid’q/I" cannot be calculated completely
taken into account, and no renormalization of effectiveand the resultindge1 strength will be underestimated.
charges in theE1l operator had to be carried out. This The calculations for®®Ni produce the I two-phonon
method has proved to be very accurate in describingsthe state (2; ®3;;17)) at an energy of 5800 keV with a
response near the particle threshold in spherical nitl8]  strengthB(E1)T=6x10"3e? fm2. The energy is very close
and, lately, also for describing the fragmentation of strengtho the sum of the first 2 (1454 ke\j and the first 3 (4475
at lower energie$36] and in odd nucle[37]. In general, a keV) state, which is 5929 keV. None of the identifi&d
destructive interference between the one- and two-phonoftansitions in>®Ni can be connected with this two-phonon
components was observed at low energiéke |2Ir state. There is, however, a dipole transition at 6027 keV for
®3; ;17) statg while at higher energies the opposite effectwhich no parity could be extracted, which has a comparable
is taking place, leading to an enhandet strengthiaround 6  strength of 5.8 0.2x 10 3e? fm?, when considered as an
MeV for 1161280 [1] and 4%Ce[3]). The interplay with the EL1 transition. Its energy is about 100 keV above the sum of
three-phonon configurations mainly leads to further fragmenthe constituent phonons. In the heavier 50 isotopes and
tation and redistribution of strength. N=282 isotones, however, this two-phonon state lies about

The results for°®Fe and®®Ni are displayed in Figs.(€) 200 keV below the surf¢1-43. To confirm its two-phonon
and §c) (barg. The strength functiob(E1,E)1 (curve has  nature, one should compare its decay into thed the 3
the same smearing parametér3 MeV) as that for the ex- phonon to the transitions strengths of, respectively, th@B
perimental results. The whole bound region, which is acces2® phonon itself. In an experiment oA*Nd [44] the
sible through NRF, is thus covered in the QPM calculationsstrength of the branch to the 3state was found to be equal

Energy [keV]
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within the error bars to the strength of the decay of the 2 T

phonon into the ground state, confirming the two-phonon 205_ 603 E
character of the 1 state in question. In our experiments, the - “ ]
decay of the 6027 keV level into the first 2state is ob- 0 l ;lﬁ 1 1|;‘||, N I N
served, but since it is impossible to disentanglefleand 20 F ., E
E3 strength involved in this transition, a conclusion cannot c : N1
be drawn. TheE2 transition from the decay into the 3 c ]
phonon was not observed. Although very well investigated inci 0 F+—+ A Lkl 1y "!‘W.I:H: I
heavier nuclei, information about this two-phonon state is..~ 20 - 56 g
rather sparse and its observation remains a challenge in th ‘Q E N E
lighter nuclei. — : l | | ]

TheE1 strengths of the individual transitions can be com- (=" 0 [+ ‘w;
pared with single particle estimates. For this, it is convenient > <0 E Sdpe E
to express the strengths in Weisskopf uifitéu.). The com- = a 3
pilations of transition strengths by Endt, around 1980, pro- == 0 S T R TN
vides us with an overview, presented in these single particle 20F s ' ‘ ' ' E
units, in different mass regions. On the basis of these com: E Cr
pilations, a recommended upper lin{fRUL) was deduced g ]
for different types of radiation in each mass region. For the 0 s =I; L I .
E1 strength in theA=45-90 region, a RUL of 10 mW.u. 20F  agm. 3
was deduced45]. At the time of the compilation, only two g Ti ]
E1l transitions exceeding 1 mW.u. were known. In this re- Ll

H HY L L - | Ll i m Coeood e

port, however, no less than 186 if strong transitions for 0 8000 10000

which the parity is not known are includedew transitions
exceeding 1 mW.u. are presented. The strongest transition i
56 8N

Fe *®Ni) has a strength of 5.856.32 mW.u. These FIG. 10. Comparison oE1 transitions in severdip-shell nu-

strengths do not exceed the RUL, but as all detected transgjei, Hatched bars indicate tentatifl assignments. See text for
tions are among the highest of the Endt compilation, it isgiscussion.

probably safer to raise the RUL somewhat in this mass re-
gion. resonances have been detectedyim() experiments on the
The strongesE1 transition by far turned out to have prac- N=50 nuclei &Sr, 8%, and °°Zr (see Ref[4] and refer-
tically the same excitation enerd8240 and 8237 keVand  ences therein For 88Sr and®°Zr strong transitions between
strength(about 1< 10~ 3e? fm?) in both nuclei. In°®*Fe itis 6 and 7 MeV were observed with a summed strength of
accompanied by two somewhat smaller fragments. These akbout 80< 10 3e? fm2. Only half of this strength was ob-
most exclusively account for the appearance of the strengtServed in8%, but this is mainly due to the heavy fragmen-
concentration around 8.2 MeV. This remarkable feature als@ation, expected in this odd nucleus, and to the fact that a
shows up in some neighborinfp-shell nuclei, measured maximum photon energy of 7 MeV was used, prohibiting
mainly at the now dismantled NRF setup in Giessen. Figurebservation of transitions close to this energy. In a recent
10 compares the obervell transitions. In>*Fe [9], the = NRF measurement in Gent diMo a double-humped struc-
strongestE1l appears at 8.22 MeV with B(E1)T of 18.4  ture between 6 and 7.4 MeV was observed, exhibiting a total
+2.3x10 %e? fm?. Some smaller fragments appear at theE1 strength of 7% 10~ 3e? fm? [10]. The single transition in
low-energy side of this transition. FGfCr [46] the transition  the fp shell could thus be regarded as such a less-fragmented
is shifted towards 7.90 MeV and has a strength of 25.lresonance.
+9.1x10 3%e? fm?. Since, as noted in Sec. lllA, the A possible explanation for this phenomenon considers the
strengths observed by Kumaggtial. [17] in the joint mea- pygmy resonance as a leftover from the one phonon strength,
surements orr®Fe and®°Cr are systematically too high, the which is pulled into the giant electric dipole resonance by
strength for this transition was taken from a test experimentesidual interactions. Calculations performed within a two-
at the Mainz Microtrorf47], in spite of its large error. If one group schematic RPA model o®Sn[11] showed that, be-
takes note of the large error, the strength falls within thesides the coherent mod&DR) at higher energy, part of the
systematics of the other nuclei. The systematics seem brokelp-1h strength remains trapped between the originallh
in %Ni [9] and in “®Ti [48], farther away from the closed states, giving rise to a series of smaller resonances. These
shells. In%Ni, however, a transition, again of comparable local resonances can then be regarded as oscillations of a part
strength (18 2% 10 3e? fm?), turns up at 9.6 MeV. This of the nucleus against the nucleus bulk, in contrast to the
E1l strength concentration may be related to the so-calleGDR representing the full oscillating motion. From a collec-
pygmy resonance observed in heavier nuclei, as alreadyve point of view, these local resonances can be described as
touched upon in the Introduction. In ti#e=50 nuclei*®Sn  resulting from a local breaking of isospin symmefiy2,13.
and ?“Sn[1] this resonance peaks at 6.4 MeV and at 6.5Another theory is available, in which the oscillation of the
MeV, respectively, with resonance strengths of 80 and 14Meutron skin against the rest of the nucleus is responsible for
(upper limits of 120 and 180x 10 ®e? fm?. Analogous the E1 strength concentrations on the tail of the GDR

Energy [keV]
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[14,49. In a recent heavy-ion experiment on Ca isotopes S R A I
[50] this theory was investigated by comparing tEd i a) “°Fe(y,y') M1
strength below the GDR iff’Ca and*®Ca. No strength dif- 04
ference between both nuclei was observed, providing nc 2 ]
proof for the neutron skin theory, which predicts a much ]
larger amount oE1 strength in“®Ca due to the eight extra 0RF ]
neutrons. ]
The QPM calculations do not reproduce accurately the ; E
resonance irr®Fe or %®Ni. It is possible that it can be con- i —
nected with one of the strong resonances predicted by the i b) *Fe(y,7')
QPM above 9 MeV. Another candidate for explaining theo- f'\l_z' 044
retically the 8.2 MeV excitation could be the resonance pre-.= |
dicted at about 7.6 MeV in both nuclei. In the QPM calcu- « |
lations this transition is mainly of one-phonon nature; it & 02
shows little fragmentation, and occurs in both nuclei at the g~ i
same energy, as does the measured 8.2 MeV resonance. i l
I

[ASKH / ] W@ T4

i~ ‘|‘II.||.
' c) QPM M1
04

X

B. M1 strength % ]
The identifiedM 1 transitions in°®Fe and *®Ni are dis- ]
played in Figs. 1(a) and 12a), together with the smeared-

out resultgcurve), using the same smearing parameter of 0.3 02k

MeV as for theE1 transitions in the previous section. It is ; — 1
clear that, in contrast to thel strength, we deal here with a n . ]
different behavior in both nuclei. IR°Fe a strong low-lying : m ]

N ‘ i | Ll N I‘ . ‘ln. | Al oy

i ; 2 0.0+
M1 transition(scissors modeof about 0.5y is present, and . 2500 5000 4500 10000
between 7 and 10 MeV there are some rather weak transi Energy [keV]
. 2 ) : gy Lke
tions (=0.2uy) spread over the energy region. ¥Ni no
noticeableM 1 strength appears below 7 MeV. Between 7 FIG. 11. M1 strength in°*Fe from 2 to 12 MeV. Bars represent
and 10 MeV several transitions, roughly twice as strong as irthe individual transitiongleft-hand scalp The curve(right-hand
56Fe, are the constituents of a resonance centered at 8sale represents the same results, but smeared out with a Breit-
MeV. The total identified strength in this energy region isWigner function with smearing parameter of 0.3 MeV. Péax
(2.71* 0-07)M|2\1 , while, in the same energy interval fiFe,  displays transitions with aM 1 assignment. In patb) all observed

the identified M1 strength amounts to only (1.37 transitions are include@including possible inelastic transitiongx-
+0 12)M2 cept those who could be identified B4 or quadrupole. Transitions
—_— . N .

below 5 MeV (except the one at 3448 ke\are probablyE2 or
inelastic transitions, but are included for completeness. (Epdis-
plays the results of the QPM calculations.

In Figs. 14b) and 12b), all dipole transitions without
parity assignments are added to the identifiétl transitions
[similar as in Figs. ®) and 8b)] to provide an upper limit
for the M1 strength. As most of the low-lying transitions are
probablyE2 or inelastic transitions only the strength above 4was also found that the orbital and spin parts of the interac-
MeV is considered to determine an upper limit for thil ~ tion display a destructive interference within this energy re-
strength (the 3448 keV transition in°®Fe will be treated gion. Since only two active particles were considered, these
separately. For both nuclei the upper limit of thévi1 calculations can provide no realistic reproduction of the frag-
strength amounts then to about ﬁﬁg, The realM1 strength mentation of the strength. Larger model spaces should be
is probably quite less, because most of the unidentified diused, as in, e.g., Reff52,53. In Ref.[53] shell model cal-
pole transitions are likely to have &l character, building culations were performed on, among othe’Gr and *Fe,
up the tail of the GDR(see also previous sectiprEven if  allowing for four active particles. The fragmentation could
the majority of these transitions would Bé1, there is no be well reproduced and a quenching factor gg”
evidence for a resonance MiFe, similar to that in>®Ni. =0.75!"*® was deduced. It appeared that the major part of

In a recent article by Nakada and Otsukel] a large-  the dramatic quenching predicted by previous calculations is
scale shell model calculation of ti®{M 1)1 distribution in  mainly due to nuclear correlations, and meson exchange cur-
*Fe is reported on. It places the centroids of the isospiments(MEC's) are thought to be of minor importance.
conserving T=2) and isospin raisingT=3) M1 strength As in our (y,y') measurements, ine(e’) [54] and
well apart, respectively, at 9 and 18 MeV. In that paper, thgp,p’) [55] experiments orr®Fe theM 1 strength was found
results are presented in bins of 1 MeV. For the isospin conto have a more or less flat distribution between 8 and 10
serving part a total strength &(M 1)1 = 12.7,u§ was found, MeV. The strongesi 1 detected in thed,e’) measurement
concentrated in a narrow resonance centered at 9.1 MeV arndxcept for the 3448 keV transitipnvas the 7211 keV line
with significant tails down to 5 MeV and up to 12 MeV. It which was also the strongest observed in our experiments.
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e e B could perhaps influence the calculated strength and distribu-

5872 : 3 tion.
08 a) "Ni(y.7) M1 7 ’ In %8Ni we do observe the expected resonance, centered at
‘ i, 8.6 MeV and with a total strength of ZuQ (and an upper

E limit of 4.6,u§). The performed QPM calculationgFig.
E 12(c)] reproduce this resonance as a double-humped struc-
| 71 ture formed mainly by two strong excitations at 8.5 and 9
M

0.4

E MeV. For a complete agreement, the fragmentation is some-
what underestimated here. The calculateddl strength,
1142, for the resonance, however, exceeds several times the
experimentally observed strength, just as in the cas€rs.

The calculations reveal also a smaller resonanceu).3
centered at 6.8 MeV. Probably the transitions observed ex-
perimentally around 7.5 MeV can account for this: The ob-
served strength ranges from Og5to 1.24u2, (upper limit

and is as such in good agreement if some fragmentation and
a slight energy shift were applied to the calculated transi-
13 tions.

‘J'M T
E Some ten years ago, electron scattering experiments were
PN performed at the Darmstadt linear accelerg@ALINAC)
E in order to map theév 1 strength distribution ir"®Ni from 6

1.2 T

b) *Ni(y,7") poss. M1 33

‘h il ||Iw 1

c) QPM M1 :

0.8

0.4

BMDT [1y]

12

[ASH / M) L@ TR

|

|~

0.8

1 to 15 MeV [15]. In the energy range overlapping the one
71! studied in this report a rather similar behavior of tkikl
E strength can be found. There is a resonance between 8 and

0.4

0.0+ M e Ly I 4 0 9.5 MeV, containing 6./1§ of M1 strength, and a smaller
@500 5000 7500 10000 concentration around 7.5 MeV with a total strength of
Energy [keV] 1.54% . The observed strengths are obviously higher than in
FIG. 12. The same as Fig. 11 but f&ii. t_he_ NRF_ experiments, rising even above the propoged upper
limits. It is therefore necessary to make a more detailed com-
parison between thee(e’) and (y,y’) results. Hereby, one
The QPM calculations performed for th@1 strength in  has to bear in mind the different resolution of both methods
%6Fe yield parallel but more detailed results than those fronfFWHM of about 30 keV in €,e’) and 7 keV at 7 MeV in
Ref. [51]. In the calculation of I excited states all one- (y,y')]. Of the twentyM1 transitions detected ine(e’),
phonon I" configurations up to 15 MeV have been includedseven can be confirmed &41 transitions by the NRF re-
in the wave function. In fact, there are only four of them in sults. Their strengths are in general in good agreement, ex-
both nuclei. The number of two- and three-phonon configucept for the 7710 keV transition whose strength in NRF is
rations made up of phonons of different multipolarities only half of that in €,e"), and for the 8680 keV transition
which couple to T, and are allowed by symmetry proper- for which our experiments yield twice thee,g’) strength.
ties, is much larger. All of the two-phonon configurations For the transition at 8962 keV, observed in tleee() ex-
with excitation energy below 14 MeV and three-phonon conPeriment at 8967 keV, the present measurement provides no
figurations made up of collective phonons have been inParity but only a dipole assignment. If analyzed ashaf

cluded in the model space. TEB{M1)1 values have been transition, its strength is quite small in comparison to the
calculated usingy®’'=0.8g/"°®. They are presented in Fig (e,e’) result, so maybe it concerns two different transitions
. 894 °°. .

Qere. Eight further transitions have no equivalent in the NRF

11(c), together with the smeared-out curve. Except for som . C T
weak transitions at lower energy, the bulk of the strength iSspectra, although they should lie above the detection limits in

comprised in a resonance, centered at 8.8 MeV and tailin§)/Iur experimentgexcept for two transitions very close to 10
' ' . . . MeV where the detection limits are not well known but are
out to about 8 and 10 MeV. The strength contained in thi

i ) squite high.

resonance is Q;Qﬁ, while the totalM 1 strength from 4 to 10 More remarkable is the fact that five transitiof@237,
MeV amounts to 10./2E,, an equivalent value to that from g514 8880, 9369, and 9523 kg the (e,e’) experiment,
the shell model calculatior{$1]. among which the two strongest, were identifiedEds tran-

Apparently there is not only a discrepancy between exsitions in the NRF experiments. If tf8(M 1)1 value from
perimental and theoretical results in the shape of Mhe  the (g,e’) experiments is transformed to the level width
strength distribution but also in the amount of strength conthrough Eq.(2) and compared to thE, observed in NRF,
tained therein. Perhaps there is a larger amount of fragmernhe values agree within the error baexcept for the 8880
tation than would theoretically be expected, resulting in akeV transition, which exceeds the NHF, by a factor 3.
flatter distribution. Also, the deformation 8fFe, which was Consequently there can be no accidental overlap oE&n
treated as a spherical nucleus in the present calculatiomnd M1 transition at virtually the same energy. Such an
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overlap would also reduce the asymmetry measured in thevas distributed over two very close-lying shell model states
polarized photon measurements, prohibiting a clear paritf1, and 1) around 3.5 MeV. The mainly orbital character
assignment. For the strongest transition at 8237 keV thevas also established. For these states, transition strengths of
measured asymmetry fitted perfectly the polarization degreg(m 1)T=0-12M;2\1 for the 1, state andB(M l)T=0-30/J«§|
(see Fig. 3, establishing without doubt tHel character. Itis  for the 1 state were calculated. The summed strength
also confirmed by a recenp(p’) experiment on*Ni per-  comes close to the experimental value of 0434 In the
formed at the RCNROsaka with E;=160 MeV and a scat- NRF experiment there is no indication of two components,
tering angle of 0156]. Preliminary results from the analysis however. The experimental strength value for this scissors
reveals that the strongest peak appears at 8.68 (dsé the  mode agrees also quite well with that from the other two
strongestM 1 transition in our experimentswhile the peak NRF experiments orr®Fe[18,19, although it is somewhat
heights of the peaks at 8.24 and 8.52 MeV are roughly halbverestimated in Ref19] because of the apparent presence
as large. If these five transitions are omitted from the comof some feeding due to the higher end point enefgy
parison, the agreement in strength between #e’j and MeV) used there. In Ref18] the Fé/l‘ value of the 3448.6
(,7") results becomes better. For the strong resonance b&eV level is in agreement with our result, but a value of 0.5
tween 8 and 9.5 MeV, thee(e’) experiment yields now a for the branching ratio was used, resulting in a higher
strength of 3.2.%, in between the proposed lower and upperB(M1)1 value. The branching ratios from Réfl9], from
limit in NRF. Ref. [34], and from our 6.5 MeV and 10 MeV end point
The results for®®Ni are also confirmed qualitatively by energy measurements all agree within the error bars, how-
the earlier proton scattering experiments by Djaktlial. ever. In ,e’) experiments aB(M1)T value of (0.70
[16]. However, no strength information is given in REf6].  *0.03)u% was found for the orbital scissors mofis4].
In the (p,p’) spectrum an enhanced cross section is noticed The QPM calculations for*®Ni predict a similar two-
between 6.4 and 10.5 MeV with two conspicuous peaks aphonon MS state at 3500 keV, but there is no experimental
8.66 and 7.7 MeV. It must be mentioned that the two stron-evidence to support this. Unlike i?fFe, the absence of de-
gest transitions in theg(e') experiments are not represented formation prohibits an enhancement of the transition strength
in the (p,p’) spectra. Although the strongest peak at 8.66and consequently the observation of the transition strength or
MeV was considered as a possilii¢ transition, the agree- a proper spin-parity assignment.
ment with the €,e’) and NRF results is very good and the
double-humped/ 1 structure is largely confirmed. C. Feeding and branching
Besides the occurrence bf1 strength between 7 and 10
MeV, there remains a relatively large amount of strength ap
low energy in*Fe: the transition at 3448.6 keV, often re-
ferred to as a scissors mof#8,19,51. In °8Ni there is no

It was already mentioned in previous sections that feeding
lower-lying levels by inelastic transitions from higher-
lying levels poses a problem in NRF experiments and neces-
: . sitates measurements at different end point energies of the
evidence for such a strong Iow-engrgelﬂlci_ transition. It o sstrahlung. The source of this problem is the fact that in
strength amounts to (0.484).032)uy .argd is the strongest \RE experiments the deexcitation of levels is observed, in
M1 transition in the bound region i%Fe (the observed  contrast to measurements with other probes like electrons
branching ratio of 0.740.06 taken into accountThe QPM 54 protons, where the direct excitation from the ground
calculations for°*Fe yield a rather weak transition at 3607 state s studied. Closely connected to the feeding problem is
keV (0.1Qug). Its structure is mainly a two-phonon mixed that of the branching of levels to states other than the ground
symmetry(MS) state, arising from the coupling of the first state. Performing experiments at different end point energies
2" phonon and the isovector MS*2state (2 ®2;J. A can yield useful information about the feeding process, but
similar state was observed in NRF experiments on Te isobranching can only be traced in a tentative waia the Ritz
topes[57] and confirmed by QPM calculations. An analogy rule) and only when the transitions to the ground state, to the
with the scissors mode was established. Also®iilo the  intermediate state, and the transition of the intermediate state
scissors mode was studied and its decay into the main cone the ground state are observed.
ponent of the 2, state clearly revealed its two-phonon MS  In 5%Fe we can estimate the amount of feeding by com-
charactef58]. Apparently this should be a general feature ofparing the results from our 6.5 and 10 MeV experiments with
nearly spherical vibrational nuclei. The two-phonon structurehose from the earlier 7.6 MeV experiment of Chapuran
implies a largely orbital character of this state. The discrepet al.[19]. It can be concluded that there is a certain, but not
ancy in strength for this “scissors mode” between experi-drastic, amount of feeding. Except for a high feeding of the
ment and QPM calculations is probably due to the fact that2133 keV transition, there is no real trend of dependence on
in the present calculation, no deformation was introducedthe level energy noticeable in the feeding process.
apparently, the transition from the MS state to a spherical In 5®Ni the situation is again more complex, due to the
ground state is forbidden, but is enhanced by even a smalirger number of transitions present at low energy. The in-
deformation[51]. tensity of most of these seems to be not or only slightly
In the large-scale shell model calculations from R&1] increased by feeding. In contrast, two transitions at 2598 and
the connection between this"IMS component and its tran- 3254 keV show exceptionally large feeding. Since these
sition strength to the ground state was investigated via thevere observed only in the 10 MeV experiment, it is likely
H" cooling method. It turned out that the IMS component that they have an inelastic origin. Again, as ifFe, the
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feeding shows no real dependence on the level energy, but is In conlusion, feeding and to a greater extent branching of
on the whole somewhat more important than°ffe. levels, remains a problem in NRF studies and prevents in
The feeding mechanism was studied in the framework osome cases an accurate determination of transition strengths.
NRF measurements on Ge isotopes by means of statistical
calculationg23]. The main conclusion was that feedifmyi- V. CONCLUSIONS
mary and secondary feeding includésl most probable from
states which are about 2—3 MeV above the level being fed. A high-resolution study of thé p-shell nuclei **Fe and
Consequently, when using 10 MeV bremsstrahlung, only for®Ni for excitation energies between 2 and 10 MeV was
energies below 6 MeV does feeding becomes noticeable amkrformed at the 15 MeV linac in Gent by means of resonant
below 4 MeV drastic. However, for this statement no con-scattering of bremsstrahlung photons. The fine structure of
clusive evidence can be found #Fe or *®Ni, as stated the dipole strength in this energy region was obtained for
above. each nucleus. Two runs with different bremsstrahlung end
The y peak due to the deexcitation of the first tate in  point energy were done in order to account for feeding ef-
both nuclei(847 and 1454 keV forP®Fe and*Ni, respec- fects. Experiments with partially linearly polarized brems-
tively) is very conspicuous in the spectra, indicating a largestranlung enabled the determination of parities for the stron-
amount of feeding. This large population of both Btates  gest transitions in a model-independent way. In each nucleus
can only for a small part be accounted for by the Observe‘gwore than 60 transitions were observed. Excitation energies
inelastic transitions to these states. Furthermore, most of the, 4 ground state transition widths were determined. For
observed feeding in our experiments of the levels between gome states, branching was detected via the Ritz rule and

and 6 MeVv cannot be connect.ed with the observed branChmﬁweir ground state transition widths were recalculated accord-
in both nuclei. Two suggestions can be brought forward:

First, the shortage of suitable inelastic transitions may poinl[ngly' These results were compared with earlier, less com-

at a feeding mechanism consisting of many weak inelastiglelte’tr:\lRt\'lzv expejlmtentstﬁn theze m‘('jdte" i babiliti
transitions, which fall below the detection limits. Second, the n the two nuciel together, reduced transition probabilities

presence of some strong low-energetic transitions, suspectédf 20 E1 and 15M1 transitions could be determined. The
of being unidentified inelastic transitioteertainly in %Ni), strongest transitions turned out to havekh character. The

leads to the possibility that for certain levels branching exmainEl strength lies between 5 and 10 MeV and amounts to

—3a2 f1i2 ; i
hausts the strength so heavily that the decay to the grourﬁpou_t3 6250< 120 “e”fm® (with an upper limit of 140
X 10 °e“ fm<) in this energy region. ThE1l strength distri-

state is not visible anymore in the spectrum. Consequentl% : X
the Ritz rule can give no indication for a possible inelasticPUtion shows a narrow concentration around 8.2 MeV, con-

nature. sisting of only a few strong transitions. The strongest transi-
Arguments for these suggestions can be found in thdion by far_has the same excita_tion energy gnd str_ength in
tagged photon experiments GfFe by Chapuraet al.[19]. both nuclei. Arguments were given to consider this reso-
The differential cross section for inelastic photon scatteringN@nce as analogous to t&d pygmy resonance observed in
leaving 5%Fe in the first 2 state at 847 keV, was found to be heavier nuclei. Calculations in the framework of the QPM

generally about half as large as the elastic cross section. fpodel were performed for thel as well as théA 1 strength
shows no structure and has a rather flat distribution up to 18 these nuclei. For th&1 strength there is no one-to-one
MeV. Apparently this cross section is the result of the cumu-correspondence with the experiments, but the overall
lative effect of many levels branching weakly to thg gtate. ~ SUength between 5 and 10 MeV is in fair agreement. The
The branching is thus certainly more important than ob-Majority of the strong=1 QPM transitions appears above 10

served in the NRF experiments. Also comparing the resultyeV- The strong 8'2_ MeV resonance Is n_ot reproduced quite
for the M1 transitions with those from electron scattering well, but some candidates in the calculations can be brought

experiments[15,54] provides evidence for this branching. forward. . ) )

Although these §.e') experiments have detection limits M SfN“ the QPM calculations predict also &y .
comparable to those in NRF, sevedll transitions that ©31 ;1) two-phonon state at 5800 keV. The observed di-
have a strength lying above the detection limits are not obPole transition at 6027 keV is a good candidate, having the
served in the NRF measurements. Strong branching of sonfme strength (810" °e? fm?) but unfortunately no parity
of these 1 states seems consequently the cause of this oSIgnment.

servation. It is, however, in contrast to a simplified QPM _In contrast to theEl strength, theM1 strength shows a
calculation in which the branching of pure one-phonon 1 different behavior in the two nuclei. Only if’Fe a strong
states into intermediate one- and two-phonon states is cofd1 transition at low energy appea®5 MeV) with anM1
sidered. SinceE1l decays are predominant, the states withstrength of about 04 . The QPM calculations confirm the
J™=0", 17, and 2" are accounted for as intermediate ones.two-phonon mixed-symmetry structure|2{ ®2,,5;17)),
This results in a very weak branching, affecting the groundvhich has a mainly orbital character. fiNi the QPM cal-
stateM1 transition only within 1%. Most of the branching culations also predict such a*l1state, but its strength is
and feeding must consequently originate from, Jand not  probably too small to be detectable.

from 1% states. This is obvious, as there are mofes2ates TheM1 strength in°®Fe at higher energies shows a rather
at low energy, suitable for being populated B4 transi- flat distribution between 7 and 9 MeV with a totd1
tions, than 0,17 ,2" states. strength between 1,442\1 and G.mﬁ. The QPM calculations
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predict a narrow resonance around 9 MeV, where the spintoo weak to be observed and the possibility of identifying the
flip strength is indeed expected. Its strength is rather overesnelastic transitions vanishes. This mechanism is supported
timated compared to the NRF observations, reachingﬁlo by the observation of certain strong low-lying transitions,
In the M1 strength distribution in°®Ni this resonance is which show characteristics of being inelastic but cannot be
present, however, centered around around 8.7 MeV and exdentified as such. Also, for th®1 transitions, this could
hibiting an M1 strength between 24§ and 4.6:5. The  account for the discrepancies between NRF am@'( re-
QPM calculations indeed predict a resonance between 8 anlilts, although a simple calculation in the QPM model pre-
9.5 MeV. The strength, however, is again rather overestigicts the branching of 'l levels to be very small.
mated (1L2).
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