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In recent years there has been extensive in te rest in t he spin- isospin effective inte r
action and the corresponding nuclea r response. Exper iment al ly, t he isospin charac ter 
of the response may be defined by study ing charge exchange react ions such as (p, Tl ), 
(n,p) or e He ,t ). Studies of t he (p,n ) reacl ion[l, 2J have es ti\.bli~ hed t hat at inter

med iate energies (100-300 MeV ) t he spin-R ip part of the effective interact ion is much 


Spin-isospin strength distributions in f-p shell nuclei: A stronger than t he nonspin- Aip. T hu s the study of charge exchange reac ti ons a t in 

termedi ate energies has provided a convenient and powerfu l probe of t he spin-isosp in 

study of the 5IV(n,p) and 59Co(n,p) reactions at 198 MeV response in nuclei.~ For small moment um transfers the response is dominated by Camow-lt:'ller (CT) 

transi t ions, correspondi ng to !'l..l~ = 1+ (!'l.L = O,!'l.S = 1), which are read ily iden


3 tified by the strong peaking of t he react ion cross section a t 0°. At larger momen
W.P. Alford (l) , B.A . Brown(2) , S. Burzynski l -. ), 
5 t um t ransfers , corresponding to higber exciLation e nergies or larger scatte ring angles,A. Celler(l), D. Frekersl11, R. Helmer(1), R. Hendersonl4 . ), 

higher mu lt ipoles of t he effecti ve in teraction become im portant and may be identifiedK.P. J ackson(· ), K. L ee(! ) , A. Rahav(6) , A. Trudel(3 ) 
by the charac terist ic angular di st ri butions aswciated with the angular momentumand 
t ransfer of each multi pole. In practi ce much of t he transit ion strength ar ising fromM.C. Vet~e rl i (3 , 4) 
t he lowest-order mu lti poles (!'l.L = 0 and 1) can be unambigllously identified . T he 

( I) University of Weslern Ontario , London, Ontario, Canada N6A 3K 7 existence of strength arising from higher mu llipoles is read il y observa ble, but t he 
(2 ) Department of Physics alld A slronomy, MichIgan State University, measu rement of strength arising from specific multlpoles becomes increasingly uncer

East Lansillg, MI 48824 USA tain as !'l.L increases. At t he same t ime, the identification of small components of 
(3 )Simon Fraser University, Burnaby, BC V5A IS6 transition strengt h for !'l.L = 0 or !'l.L = I becomes difficult or even im possible if that 

(t ) TRIUMF, 4004 Wesbtook Mall, Vancouver, BC, Canada V6T 2A3 strength occurs in regions dominated by strength ar ising from other multipoles . 
(5 ) Universi ty of MelbollnJe, Parkville , Victoria, A ustrolia 3052 In spite of these limitations the study of (p,n ) and (n ,p) reactions at low exci

(6 JTeI Aviv University, 69978 Ramal Aviv, Israel t ation and forward angles provides a relatively clear measurement of CT(.C1L = 0, 
!'l.J" = 1+) and s pi n-di pole (!'l.L = 1, !'l.J" = 0- , 1- , 2- ) t ransition strengths . For 
the spin d ipole t ransitions, measured angular distributions might provide ident ificaThe (n,p ) reaction has been studied on the nuclei 51V and 59CO at an energy 
tion of 0- st rength . It is not feasible to separate 1- and 2- transitions [rom eac hof 198 MeV. Spectra were measured at laboratory angles of 0' ,4 ' , 8', 12' , 16' , 
other on the bas is of cross sections alone, but the data can gi ve a reasonable es t imateand 20' up to an excita tion energy of 35 MeV in the final nuclei 51Ti and 59Fe. A 
of th e total !'l.L = 1 strength in such transitions.multi pole analysis of the data up to 30 MeV was carried out to identify Galllow

In t his work we have studied the (n,p ) reaction on two (fp) shell nuclei, 51V a.ndTeller (t:!. L = O,t:!.r = 1+ ) and spin dipole ( t:!.L = J ,~r = 0-, 1- , 2-) strengths. 
59CO, which p laya significant role in late sta.ges of the evolution of massive stars,GT strengt h is collcentrated in a resonance with centroid energy of 5.2 MeV in 
just prior to the pre-su pernova collapse of the stellar core[3]. Th!' cross section for51 Ti an d 4. 1 MeV in 59Fe. T he spin dipole strength appears as a broad resonance 
CT t ransitions is direc tl y proport ional to t he electron capture cross section[4J onwiLh centroid energy about 16 MeV ill bot h nuclei. Shell model calculations of t he 
these nuclei; thi s is an important ingredient in calculat ions of the reactions leadingGT strength rep roduce the energy distribut ion reasonably well, but the calculated 
to the fin al collapse and possi ble supernova fonnation [5] . Electron capture may alsostrength exceeds the meas urement by a fac tor of abou t fo ur . 
occur via fi rst forb idden beta transitions correspond ing to the ~pin dipole transitions 
observed in the (n ,p) reaction . [n addition to providing data of direct interest ill the 
as trophysical calculations , the da ta are also im portant as a test of the nuclear model 
calcula tions which m ust be used to est imate electron captu re ra tes on nuclei, such as 
unstable species, which are not available for direct experimental studies . 

PACS Numbers: 25.40 . Kv; 24.30. Cz; 27.40 . +z; 27.50. +e. 
II . EXP ERIMENTAL 

(submitted to Physical Review C) 
Measurements were carried out using the TRI UM F charge exchange facility in 

the (n , p) mode. The essential com ponents of t he faci lity are shown in F ig. 1, and 
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descr ibed in more detail in Hef. [6]. Neut rons are prod uced in the 7L i(p, n) react ion 
wi th a proton beam of 200 MeV energy. In order to cont rol the efrec t of energy 
spread in the proton bNln , t he bea m can be moment um-d ispersed across the 7Li 
stri p target , the wid t h of wbich determines the beam energy spread on t he t arget. 
T he reaction excites the ground and 0.43 MeV excited states of 7Be with comparable 
in tensity, and the widt h of the target strip was usually chosen so that beam energy 
spread on the target was about 400 keV . In addition to the transitions to the two 
bound states in 78e, at 0° the reaction produces a continuum of neut rons up to aL 
least 60 MeV I'xc iL aLioll with an intensi ty of about 1%/MeV of the intensity of the 
sum of the transitions to the discrete bound states. Beam currents were typically 

2300-'100 nl\, and produeecl a neutron flux of about 105 n / cm -s on targets 2 em x 5 
em in area. 

Targets were metal foi ls mounted in a target box [7] whicb allows up to six target~ 
to be mountc..u between proportional wire chamber planes. Protons from the (71, p) 
reaction produce a signal in each wire chamber plane downstream of the target in 
which the reaction occurs . The resulting hit pattern identifies the target involved in 
each event, and permits ~oftware corrections to be made for energy loss in subsequellt 
targets. The reaction protons then lraverse two sets of drift chambers (the front-end 
coullters) which measure the position and direction of each proton as it leaves the 
target Slack. Protons then enter the lIIedium resolution spectrometer (M I1S) where 
they are momcntum a.nalyzed and det.ected by a series of counters at the exit. 

The measured spectra extcnded to an excitation energy of about 35 MeV, and 
wert' recorded at MRS angles of 0, ~, 8, 12, 16 and 20 degrees. 

In measurements reported here, Lhe lil'st target was of natural carboll 147 ntg/cm2 

in thickness , and the sixth target wa£ polyethylene (CH 2 ) 44mg/cm2 in thickuess. 
fhe C lll target providecl i1 calibration of the cross section ill cach measuremenL fro III 

observation of the proton peak from the II1(U,l') reacLion . The cross sectiou for this 
react ioll was calculated frol11 measured (n,p) phase shifts using the program SAID 
(SM90)[H] . T he carbon target provided a referellcespectrum for the t2C (Ti,p) reaction 
which was suli tract.ed from the CIl 2 target spectrum in order to obtain the spectruITI 
of incident nrutrons from the 7Li(p, n) reac tion . The vanadium targets consisted 
(If four foib of 99.5% purity wilh thickness 234, 156, 156 and 77.9 mg/cm
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cohall targets were folll' foils of 99.99% purity wilh th icknesses 225, 225, 86.2 and 
86.1 mg/cm2 . All targets were approximately 5.0 em x 2.5 cm ill area. 

In atlditi o!l to these target stacks, two others were used . One consistl'd of six 
Clb targets wh ich was used to measure the relative neutron flux and proton detection 
efikien cy for ci iITerrnt target positIOns. The second con~is ted of five em pty posit ions 
with a CHJ target ill the IdSt positioll , which cou ld be used to moni tor bae kgroulld and 
with an extf'rnaJ CH 2 target tu check the dlkiency of the ta.rget hox wire cou nters. 

Since the acceptance of the MRS depends upon [)osition ill the foca l plane, th is 
was dete rmi ned hy mea.> lI r in g rel at ive counting rate~ for proto ns from the III (n,p) 
reaction a~ it fund iolJ (Jf magl1!,t ic fidd sell iug ill the M IlS . For tli is measurement , t he 
incident proton heam was focll sed ach rolll al i('ally 011 it 7(, i t arget about 1.5 eIll high so 
t ha.t the full heam was intercepted by the target , and beam charge was integratecl in 
a Faraday cup , with an accuracy of :.l %. This measurelllent also provided the data for 
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the calibratioll of energy as it function of focal plane position . In tIle measurements, 
th is cal ibrat ion wa~ used to establish excitat ion energies in each measuremen t rclativ 
to an origin fi xed by the proton group from the Ill (ll,p) reaction in the CIl2 target. 
Excitation energies wcre estimated to have an uncertainty of less tllan 100 keV. 

Ill. DATA ANA LYSIS AND IlESULTS 

Data were recorded event by event, and a fraction of Lite data was analyzed on 
line to monitor the progress of the measUl'elllents . Filial uata analysis was carried 
o ut off-line using tbe program LISA. 

A raw spectrum for the 51V target at an MRS angle of 0° is shown in Fig. 2(a). 
The overall resolu t ion was about 900 keV , measured by the width of the peak from 
the lH(n,p) reaction on the CII1 target . The pronllllent peak at the left side of the 
spectrum arises from the i H(n,p) reaction on hydrogen in the cathode planes of the 
wire counters plus a small amount of hydrogen absorbed on surfaces within the target 
box. In addition to this peak, there was a small background from other components in 
the wire chambers. The spectrum afLer hackgl ound subtraction is shown in Fig. 2(b) , 
an d it is seen that except for the hydrogen peak lht' spectra are not aITccted within the 
statistical ullcertainties of the data. Measurements were carried out at MilS angles of 
0,4,8, 12, 16 and 20 degrees. The angular acceptance of the sprclrom<:ler was about 
± 2°, and the actual distribution of even ts over this range was measured in tht' data 
analysis. The mean scattering angles in the centre of mass systrm corresponding t 
the MRS posiliolls were 1.7, 4.7, 8.6, 12.6, 16.6 and 20.7 degrees. 

After background subtraction the spectra were corrected for spt'('trometer ac
ceptance and for the effect of the continuum in the neutron sourct" spectrum. The 
latler correction requireu 3 deconvolution using the mca:.ured energy spectrum of the 
neutron source. This correction wa£ negl igible at low excitatioll, but resultl!d ill a 
decrease of about 30% in the spectra at 30 MeV excitat iou. The final ('orrected data 
were then binned in I MeV intervals to produce the spectra shown in Fig. 3(3),(b) . 

The measured energy distriuutiolls of Fig. 3 show a strong peak Ileal' 5 MeV exci
tation at the smallest angle (1.7° c.m. ) whicll indicates the presence of GT transition 
strength. At 4.7° and 8.60 there is a broad peak between 15 and 20 MeV excitation 
arising from t ransitions to the spin-dipole giant resonallce (SOGR). At larger an
gles there is no obvious structure indicating resonances arising from transitiolls with 
fj.L > 1, thouglJ the magnitude of the cross section at high excitation indicates that 
such transitions lllllst be important. 

In order to obtain quanti tat ive estill1ates of the differelll ("ontl'ibut ions tll t he cro~s 
section, a multipole analysis was carried out, assuming that the IIleasured itllgni ar 
d istributiuns could be fitted by a sum of shapes oLtained from distorted wav(' impu lse 
approximation (DWIA ) calculat ions for a limited rallge of L a.nd J transfers expected 
to be importan t. In Ule present ex periment , it would be expected that sign ificant 
contrib utions cou ld Mise fo r .6.L = 0, fJ.j K = 1+; fj. /, = 1, .6.J" = 0- ,1 - ,:r ; fJ.L = 2, 
fj.JK = 1 + ,2+ ,3+; fJ. L = 3, .6.J" = 2- ,3- ,·1 - ; and poss ibly !:!..L = 4, fj.J" = 3+ ,4+ ,5+ 
T he measured cross ~(;ctioll is t hell rep resell ted as 

a,rpl = L Cc,pamv( fJ.J " ) . ( 1) 
c, J" 
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The coefficiellts C6.J" are determined by carrying Ollt a least-squares fit of the 
calculations to the measured angular distribution for each energy bin in the spectra 
of Fig. 3. 

It is important to recogllize that since data are availab le a t only six angles, t.he 
multipole analysis can include at most five terms in the sum. Th us it is necessary 
to determine whether such a limited number of terms can provide a resonable repre
sentation of the contributions expected to be important in the sum. T his q uest ion is 
addressed in the following discussion of DWIA calculations. 

A. DWIA calculations 

All calculations were carried out usi ng the DWIA cod e DW8 1[9], which requires 
as input the optical potel ltials in the entrance an d ex it chan nels, a specification of 
single particle states in the initial and fi lial nuclei, a trans ition amplitude between 
initial and fi nal states for a given value of !J. J " , and an effective interaction bet ween 
the inci dent neut ron and target nucleons . 

In the present analysis the Fra ney- Love interaction[IO] was taken to represent 
the effective interaction. The optical potentials were t. hen generated by folding the 
Franey-Love effective interact ion with a. nuclear matter distribution using the program 
MAINX8 [II]. A few calculations were carried out with two othe r choices of o ptical 
potentials. O ne was a microscopic potential generated with MA INX8 using a density
dependent interaction, and the other was an empirical Woods-Saxon potential used 
in an earlier analysis of (n, p) measu rements at 300 MeV [12] . For a gi ve n particle-hole 
transition amplitude it was found that the shapes of the a.ngular di stributio ns in the 
angular region near the maximum of the cross sec tion were. not a ITected by l he choice 
of potentials, though the magnitude of the peak cross section showed a variation of as 
much as 50% for different choices. Since only the shapes of t he angular dis t r ibution 
are significant in the m ul tipole an a lysis however, such va riation is not important, so 
that our results are insensiti ve to the choice of optical potentials . 

T he single pa r ticle states invol ved in the transit ion a mplitude were taken as 
harmonic osci llator states with oscill ator parameter b = 1.9 fm_ 

Since realistic shell model wave functions were not available, it was necessary 
to assu me t hat the angular distributions required in the a nalysis could b~ calcula ted 
using transi t ion ampl itudes for a single particle-hole configuratio n for eac h value of 
6.J~. In order to support this assumption a series of calculations was carried out to 
investigate the sensitiv ity of the calculated DW IA shap es to the assumed transition 
amplitude . Fo r transi t ions involving no change in parity (!J.L = 0, 2, 4) calculations 
were carried out for a number of transition amplitudes involving excitations of either 
Ohw or 2hw. For transit. ions involvi ng a parity change (!J.L = 1, 3, 5) only excitations 
of Ih w were considered. In compari ng res ults for a given !J.J", it is he lpful to recognize 
that for unn atural parity tra nsi tion s with 6.J 2 I the ca lculated cross section may 
include contributions from two different va lues of the o rbital angular m()mentum 
transfer, namely !J.[' = !J.J ± 1. T hus it may be expected that such transitions will 
show a greater sensitivity to ~hoice of transition amplitude than will t he natural pari t.y 
transitions whi ch have only a single orbital momeutum contribution with !J.L = 6.J. 

A summary of the results of th ese calculations follows . 
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1. !'J.J' = 1+ 

These transitio ns are of primary interest, since they include the GT strengt h. 
In the simplest shell model description of SIV and 59CO, the valence prolons occupy 
the h/2 orbit and t he neutron h/2 orbit is completely filled. The only neutron state 
available for Ohw GT transitions is t hen /5/2, so that it was assumed t hat the a ngular 
distribution of the cross section for GT transitions could be adequately modelled using 
only the (7rh/2)-1 (V/S/2) transition amplitude . Configuration mixing in the ground 
state would allow transitions such as (7rhj2)-1 (V/7/2) or (7rP3/2t l (VPI/2) but such 
amplitudes are expected to be relatively smail, and angular d istributions for these 
t ransitions are very similar to that for the dominant (7rh/2)-1 (v/sj2) con t ribution . 

Transitions with !J.Jr = 1+ are also expected at higher excitation energies as 
a res ul t of 2hw exc itat ions. Such transi tions are no t part of the G T strengt h, but 
represent isovector monopole excitations . Calculated angular distributions for severa l 
possible transition am plit udes showed a wide va riety o f shapes, with no single cha r
acteristic shape such as is found for GT transitions. For t ransit ions wi th no change 
in the single particle orbita l angular momentum, such as (7rOdS/ 2)-1 (vld3 / 2 ) angular 
distrib ut ions peaked at 0° with a strong secondary maximum neM 15°, and might be 
represented as a sum of cross sections for OT transitions plus 6.J~ = 2+. For tran
sitions with !J. L = 2, such as (7rISl/2t l (vld3/ 2 ), angular distributions peaked ncar 
7", and resembled those expected for 6.J~ = 1-. It was concliided that it wonld not 
be feasible to include such contributions in the mul ti pole analysis, a nd it is un likdy 
that they could be unambiguously identified in any case. 

2. !'J.J' = 2+ 

At low excitation ene rgy these transitions would arise mainly from the Ohw trami· 
tion (7rOh/2)- 1(vOfs/2) with possible small contribu tion s s ti ch as (7rlp3/2r l (VOf~/2 ) 
associated with core exci tations in the target. T he angular distri butions fo r t hese 
transitions show a characteristic shape with a peak nea r 11.5 °. At higher excitation, 
many transit ions can ar ise from 2'hw excitations which show angu lar di~ tributions 
similar to those for t he Ohw transitions, with peak c ross sections at 10° to 11.5°. It 
was therefo re concluded that angular d ist ri butions fo r all !J. J~ = 2+ transit ions could 
be adeq uately mode lled using t he DWIA res ults for the (7rOh/2)-1 (vO/sj2) single 
parti cle l ran si l ion. 

3. !'J.J' = 3+ 

Trans itions of this character arise at low excitation frolll most of th e Ohw si ngle 
par t icle t rans itions which also allo w!J.J" = 2+ For (7rOh/:d -1 (vO/'1. 2 ) the ang ular 
dis tribution for !J.J~ = :.1 + is simila r in shape to t hat for !J.J~ = 2 but the peak 
cross section is shifted by 2° to 13.5°. For 2hw exc itations, the ca lcula.ted angular 
distributions exhibit peak CI'OSS sections at angles ra nging from 10° to 22° , with no 
single characteristic sh ape . As a rough approxi mat ion , the an gu lar d istribut ions co uld 
be modelled as a sum of those for OflW transitions with !J.J" = 2+ and !J.J" = 4+ . 
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4- /). j' = 0

Since transitions involving a parity change require single-particle excitations of 
at least Ihw, it is expected that most of the strength for such transitions will be at 
excitation energies well above the GT resonance. RPA calculations[13] for 6°Ni( n, p) 
indicate that the centroid of the st rength for t::.J' = 0- t ransitions lies at IS .9 MeV 
with respect to the parell t grou nd state or 16.1 MeV relati ve to the 60CO g round state. 
In a lowest order shell model , single parti cle states closest to the Fermi sur face that 
contribute to l ra nsiti olls with t::.J" = 0- a re (7rIsl /2 )-1 (V lpl/2),(7r0d~/2 )- 1 (VO/5/2) 
and in 51 V, (71'0 113/ 2)-1 (V]P3/2)' At somewha t higher excitat ion (7r0h/2tl (II OY7/2 ) 
could also become important. The DWIA angular di stribu tions fo r all these transi tion 
amplitudes a re almost identi(a l in shape , with a maximum cross section bet wC('n 4 .5° 
an d 5°. Th us 6 J" = 0- transitions are expected to show a well-defined, characteristic 
angular dis t ribution. 

s. /). j' = 1

For l hese t ran si tions , the single particle states closest to the Fermi surface 
are (7f017/2) -1 ( VOY~/2)' with many othe r possibili t ies sll ch as (7flsOd) -1 (vlpOf) or 
(7rlpOf)(1I2~ l dOy) at somewhat higher energies. DWIA calcillations showed that 
most of t hese trnnsiti oll s gave ri se to angular distributions very si m ilar to that for 
(7fOh/2t l (1I0gY/2), with a peak cross section near 6.5°. It was concluded that the 
calculated cross sec tion for this latter transition amplitude provided a char"cteristic 
angular dist ribution for all t::. J" = 1- t ransitions in the region of excitat ion of interes t 
in this analysi s. 

6. t:;j' = 2

Most transition amplitudes giving rise to t::.J" = 1- transit io ns also can populate 
transi lions with 6J' = 2-. It was found that calculated cross sections for t:.J~ = 2
showed more variability than for 6.)" = 1-, though most transitions wi th large 
cross sections were qui te similar to that for (7r0f7/2t l (V099/2) t::.)~ = 1-. Because 
of the lIeed to limit the numbel' of DW IA shapes in the JIlultipole analysis, it was 
assul1led that t ransitions for 6 )" = '2- could be modelled adequately by the angular 
distribu t ion for (7r0h/2) (1I099j2) 6J< = 1-, plus a possib le contribution from t he 
6)" = 3- distribution described be low. 

7. t:;r = 3

DWIA calcillations were cnrried out for a Inrge number of the transition am
plitudes previously co nsidered for 6)" = 1- and 2-. For 6J" = 3- the angular 
distributions were all generally similar to one another with a broad peak centered at 
an angle betweell 13.5° and 10.5° for different transition amplitudes. It was concluded 
that the calculated allgular distribution for (7r0f7f2t l (V099 /2) provided a reasonably 
"typical" shape for all c:;'J~ = 3- transitions. 
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8.t:;r=4

Calculated anglliar dist ributions fo r t hese t ransition s were q ualitatively similar 
to those for t::.J" = 3- , wit h peak cross sections occurri llg at an angle between 14 .3° 
and IS.3° for di fferent trans ition amplitudes. Although the angular distri bu tions show 
somewllat more va riabili ty t han for 6J" = 3- with pea k c ross sections at sli gh tly 
larger angles, it was concluded that t he "t ypical" shape for t:.r = 3- would gi ve a 
reasonable average representation for t:.J" = 4- t ransitions also . 

B_ Mullipole analysis 

From the results o f the DW IA calculations for different s im ple particle-hole tran
sitions, it appeared t hat except for 6J" = 0 - the angul ar dist ributions were charac
teristic of the orbital angul ar momentum transfer, t:. L , rather than 6 )" . Much of t he 
variability for transitions of ullna tura l par ity could be approx imately represented by a 
sum of angu la r distributions for t he t wo values of t:.L ( = t::.J ± I) allowed in such tran
sitions . For this reason it was conclu ded lhat the multi pole analysis should be based 
on the fou r cha racteristic or "average" Shil Jles obtil ined for natural pari ty transit ions 
with t::.L = 1, 2 , 3 plus the 6)" = 1+ shape pred icted for t. he (7r0h/2)-1 (11015/ 2) 
t ransit ion. T he calcula ted shapes for an exc ita t ion energy of 15 MeV in the 51V(n ,p) 
reac tion are show n in F ig. 4. 

The m uJtipole analysis program[14] carried out a least-squares fit of t he measured 
angul ar distrib ut ion in each I MeV bin to a ~um of these shapes as indicated in 
equation (I). Shapes were calculated a t in tervals of 10 MeV be tween ex ci tation 
energies from -5 MeV to 35 MeV, and predicted shapes were then in terpolated to the 
actu al excita tion energy fo r each angular di~trib utioll. T he ~all1e t ransition amplitude 
was assumed throughout the full range of exc itation energies, so t hat the only energy 
dependence comes from the d istort ion and ki nematic effects of the DWIA . 

The results of t he fit to t he measured a ngu.lar distri butions fo r several 1 MeV 
energy bins a re shown in F ig . 5 for the vanadi um data. At an excitation energy 
of 5 MeV, t he angular d is t ri butions show st rong fo rward peaki ng, indicating t he 
importance of GT transitions in the cross sectioll . At 10 and 15 MeV excitations , the 
spin di pole (t:.L = I) cross sect ion dominates t he angul ar distribution~, whi le itt 25 
MeV , t::.L = 3 t ransitions make t he larges t cont ribution . It is noteworthy that while 
a t:.L = 2 sh a.pe was included in t he fit, the contr ib ution of th is shape is negligible. 

At excitation energies above 5 MeV, the fit requires a small contribution with 
t::. L = 0, although the measured angular distributions do not show any forward peak
ing. The uncertainty in this contribution is large, mainly as the result of uncertainties 
in the details of the shape of the angular distribution for 6.L = 1. The location of 
the peak cross section for t::.L = I transitions is not very sensit.ive to the particu
lar particle-hole configuration assumed or to the choice of optical potentials but t he 
ratio of peak cross section to that at 0° does show significant dependencE' on these 
quantities . Since the t::. L = 0 component at h igh excitation is dete rmined mainly by 
the measured cross section at the smallest angle, 1.70, it is possible that much of this 
component reflects the uncertainty in the prec ise shape of the angular distribution 
for 6.L = I transitions ratllcr than true 6.L = 0 transition strength. 
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It is also sc'Cn that the data at lligh excitation at 20 .7° is consi s telltly greater 
tha n the calculated cross section, in d icating the importan ce of trallsition strength 
wit h t::. L > 3. 

The multipole decoll1position for the measured spectrum at each angle is shown 
in Fig. 6 for the 5IV(n, p) reaction. At forward an gles, the fit to the data is gen
erally good. However , the an a lysis consistently yields too small a cross sec tion at 
20.7° for e xcitatio n energies above 5 MeV , and too large a cross section at 16.6° for 
t>nergies ab ove 15 MeV. Do th of these fail ures a re an indication of the importance of 
contributions with t::.L > 3 at la rge a ngles, as noted previously. 

A second representation of t.hese res ults is displ ayed in Fig. 7, which shows the 
energy dist r ibution of t he contri bution to the to tal cross section for each val ue of t::.L. 
In this case, each cont ri but ioll is shown for t he measured angle closest to the peak of 
the calcu lated c ross section for that particular contribution. The e rror bars show n in 
Fig. 7 rep resent the uncert a in ty in the fits arising from unce rtai nt ies in the data only. 
Systematic uncertainties arisi ng from the diffe re nces in DWIA angular distributions 
for different transition amplitudes are discussed below. 

It is seen in Fig. 7 that the cross section for /':,.J" = I + ex hibits a well de fin ed 
peak cen tered at 5. 1 Me V, with a wid th ( fWIf M) of about 2.5 MeV. In addition , the 
analysis indicates the pl'esence of /':,.J ~ = 1+ strength ove r th e full energy range of the 
data. As shown in Fig. 5, and discu ssed in that connect ion, the measured angular 
distributions at excitations abo ve about 8 Me V do not show the forward peaking 
which provides an unambiguous signature of /':,.J~ = 1+ transitions . In this situation 
it must be concl uded th at wh.ile such transitio ns may be present, the present iI. nal ys is 
provides only a quali t a tive es t imate of their possible magnitude. 

The e nergy dependence of the cross section for tr ans itions with /':,.L = I s hows 
a resonance-like behav iour with max imum cross section at an excitation energy of 
15 MeV and F WIlM of about 15 MeV . T he re is al so some indication of structure 
near 6 MeV and 12 MeV excitation. T he mean energy is 17.1 MeV . Analyses with 
di fferent transition a mp li t udes for /':,.L = I and 3 were car ried out which sho wed that 
t he ti L = I cross section W,tS insensitive to the choi ce o f transition a mplitudes for 
excitation e nergies up to 20 MeV, with a variability of abo ut ± 25% itt 30 tvlc V. The 
en ergy-integrated cross sect ion up to :30 MeV was equ al to 23 mb/sr at 8.6° . T hi s 
resu lt va ried by less than 10% for the different choices of tran sition amplitudes , and 
should provide a re liable esti m ate of the total spin-dipole transition stl·ength. 

For transitions wit h /':,.L = 2 the m u ltipole a nalysis shows no significant contri
bution to t he measu red cross section . T his resu lt is quite sensiti ve to the choice 
of trans itio n a m pli t ude for /':,.L = 3 however. W ith a tra nsition amplitude of 
(7rOd3/ 2)- 1 (VOf5/ 2) for t::.J~ = 3-, t he peak cross section occur~d at an angle of 
16 .5° , about 1.5° grcillc r than for t he "standard" shape use d in the anal ysis. A mul
tipole analysis with this second shape sh owed th at nearly half the U0SS s;, rtio n wh ich 
had been iden tifi ed as /':,.!. = 3 in the original all il.lys is WilS now identified as /':,.L = 2 
at angles of 12° or less, although es timates of GT and spill dipole cross section were 
not changed. Such sensitivity to the choice of transition amplitude means that sys
tematic uncertaint,ies are large and poo rly defined fOI' the estimates of cross sec tion 
contr ibutions for both /':,. L = 2 and /':,. L = 3. Although the sum of the con tributions 
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for /':,. L 2 2 is well dete rmined, the individual co mpone nts are not. 
T he cross section shown for /':,.1, = 3 actually provides an estilnate of contri

bu tions for all components with t::.J 2 3. In the light of diffic lJ lty of separating 
cont rib utions from !'1 L = 2 a nd !'1L = 3 however, it was concl uded that it was not 
useful to at tempt a more de tailed decomposition for angul ar mome llt llm t rans fe rs 
greater than for the spin dipole trans itions. 

Resu lts of t he mu lti pole analysis for 59Co(n , p) are shown in Figs . 8 and 9. 
The energy dependence of t he cross sections for the fo ur components ass umed in the 
analysis is ve ry similar to that found for the 5lV ta rge t. T lte systemati c uncertainties 
in the res ults arising from the choice of transition a mplitudes were also sirnilar. 

The mos t sigllific311t diffe rence between the resu lts for the two targets is in t he 
magnitude an d location of the GT strength, with so mewhat greater strengt h in 59Co, 
at a cent roid e nergy a bo ut I MeV less than for 51 V. 

T he ene rgy dependence of the cross sect ion for t::.L = I transition s was similar 
to that for SI V wit h a mean energy o f 16.9 MeV a nd a toLal cross section at 8.6° of 
27 mb/sr, up to a n excitation energy of 30 Me V. 

IV. DISCUSSION 

A. GT strength Ili stribution s 

The distribution of GT strength connectillg the ground stilte of each targE't to 
states in t he fi n al nucleus has been es t imated from the measured /':,.L = 0 cross 
sec tions. To do thi s, the measu red cross sec tiolls at 1.7° were extrapolated to zero 
momentum transfer (0=0°, t::. q = 0) using DW IA calculat ions as describrd in t he 
multipole analysis. Tltrsc ex trapolated cross sections were then converted to GT 
strength [in units for which }jer (n -+ ]Jev) = 3] using values of the reduced cross 

section a = (Ja(Y=O) obtaine d by interpolation from m eas urements of (p, n) cross sec-
GT 

tions [I, IS] for transitions be t ween state~ of kno wn beta decay s t rength. The va lues 
used were a=4 .60 m b/ sr for 5DCO and 5.44 mb/sr for 51 V . 

As noted above, the identification of /':,.L = 0 cross sectiolls becomes increasingly 
un cer t ai n a bove about 8 MeV because of uncertainti es in the DW IA shapes required 
in the mu ltipole an aly sis. Since GT strength ari ses fro m Ofl w transitions it is e xpected 
to be located a t low excitation energy, largely below t he /':,.L = I strength which a r ises 
from I hw excit ati ons. Some G T strength may howeve r be shifted to higher ene rg ies 
as a res ult of m ixing with 2p - 2h excit ation s in<i u<:ed by short range cO ITI' lations 
and the ten sor inleraction[16, 17]. f urthermore, 2hw transitio ns may a lso give ris(~ 

to cross sec tions wi th a t::. L = 0 co m pone nt at high excitations. In the ligh t of t hese 
uncert aintie s it was concl uded t ha t 8 MeV was a reaso nable uppe r limit on ti l(! ene rgy 
a t which GT st rength could be re liably related to measured /':,. L = 0 cross sect ions. 
T he resul t ing st rengt h d istributions are shown ill Fig, 10 for 51V and F ig. II for 
59C o. T he to tal GT strength up to 8 MeV was 1.2 ± .1 units for 51 V and 1.9 ± .1 
units for 59CO. 

Shell model calculations for comparison with these results were carried Ollt us ing 
the program OX I3 ASII [1 8]. These calculations lI tied trullcated vector spaces wh ich 
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are show n in Table I. The effective interaction was one which has recently been 
obtained by Van der Merwe, Richter an d Brown [!9] from a fit to 494 known binding 
energies and excitation energies in the lllass region A=41-66. 

In order to account for un certainies in the calculations and to simulate the fi
nite energy resolution in the measurements, the strength of each discre te state in 
the calculation was spread over a Gaussian distrib ution with F WIl M of 1.5 MeV. 
T he resulti ng con tinuous d istribution was then summed in bins of 1 MeV width for 
comparison with the data, and the total calc ul ated strength was renorm alized to be 
eq ual to the measured strength UI) to 8 MeV excitation. The renorma li za tion fac tor 
requi red was 0. 23 for 51 V and 0.2,1 for 59CO. T he comparison wi t h t he data is shown 
as the histogram in Figs . 10 and II. 

lt is seen t hat the calculations fit the measured strength distributi ons reasonably 
weU, although the measured strength is signi fi can tly greater than calculat ions a t low 
excitation energies. This d iscrepancy would result in an underest imate of stellar 
electron captu re rates, especially at relat ively low temperatu res. On t he other hand , 
the overall agreemen t suggests t hat t he model cillculations could be used wi th some 
confidence to est imate GT distribut ions for exc ited states or for unstable nuclei. 

A secon d model calculation has been carried out by All fderheide [20] us ing a larger 
vector space as shown in Table I , wi th t he FPV Il e ffecti ve interaction [21] . The results 
of th is calculati on were also broadened [0 a continuou s distributi on , and renormali zed 
to the measured GT strength below 8 MeV . In this case , t he renormalization req uired 
was a factor of 0. 3 I for V and 0. 32 for Co. 

A compa rison of t his res ult with the ex perimental data is shown as the dashed 
curves in Figs. 10 and 11. The quality of the fit to the data is comparable to t ha t for 
the first calc ulation. The most noticeable difference is that Aufderheide's calculation 
with the larger vec tor space predicb somew hat greater spreading of strength to high 
excitation energies. The total calculated GT strength is about 25% less than in the 
first calc ulation, as a resu lt of the expanded vec tor space used in this calculation. 

ll. Spin -dipole transitions 

In addition to the GT strength, the multipole analysis prov ides a q ua ntitative 
rllea<;urement of the cross section for 6.L = I trans itions which constitute the spin
dipole giant reSOllilfl ce. T hese tran sitio ns correspond to fil·st fo rbidden bf'ta decay 
wh ich may make signi ficant contributiolls to electron cap ture rates at hi gh tempera
tures. 

The experimental cross section measurements do not permit a direct dete rmina
tion of tran sit ion mat rix elements as for GT st.rength however. The spin-dipole giant 
resonance includes contributions fro III transitiolls with 6.J=O,1 and 2 whi ch cannot 
be separately identified in the dat.a . In additi on, a non-spin-flip e lec tric dipole com
pone nt may contribute to tr itIlsitions with 6.J' = 1- , even though the non-spin-f1ip 
component of the elTective intera.clion is relilti ve ly weak at the beam energy used 
in these measurements. DWIA citlc ulatiolls for sim ple partic le-hole transitions show 
th at th e rati o of cross section to spi n-flip transition st rength may vary by a factor 
of two for different transitions with 6.J" = 1- . In contrast with this , th e calculated 
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ratio for 6.r = 0- transitions is constant to within about 10%, suggesting the impor
t ance of cont ributions from both sp in-flip and non-spin- fli p ampli tudes in 6.) . = 1
transitions. 

V. CONCLUSIONS 

We have analyzed meas urements of the ~lV (lI,p ) a nd 59Co( n. , p) reaction cross 
sections at 200 MeV to determine the d istributions of GT strength for t he ground 
states of these targe t nu clei. T hese resu lts are of direct interes t in the calculation of 
electron capture rates in t he late stages of evolu t ion of massive stars[20]. 

The measu red distributions have been com pared with predictions of a she ll model 
calculation usi ng a rest r icted vecto r space alld a new effec t ive inte raction. T hese cal

ulations reprod uce the overal l energy distribution fairly well, a lt hough the predicted 
strength is si gnificantly less than the measured strength at low excitation ene rgies . 
T he magnitude of the total strength is ove restimated by a factor of about fo ur. A 
second calculat ion using a larger vec tor space and a d ifferent e ffec tive inte raction 
also reprod uces the overall st reng th d istri bution reasonably wel l. In t his case t he 
total st rength is overestimated by a factor of a bout three . These model comparisons 
provide a useful calibration of shell model calc ula tions of GT st.rength d istributions 
in the mass region 50 < A < 60, calculations whi ch are an essent ial ingredient in 
modelling p re-supe rnova collapse of massive stars. 
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Table I. Yector spaces used in shell model calculations 

Present Results 

Target Parent 	 Daughter 

Sly (17/1)11 (17/2) 10 (lS/2PJ/2PI/2)1 

S9Co (/7/2) 15 (l5/2P3/2PI /2)4 (/7/2) 14 (Io/2P3/2PI/2)5 

Aufder heide 

Sl y (l7/d 1,l°(lS/2P3/2PI/2)O.1 (/7/2) IO.9(15/2P3/2PI/2) 1.2 

S9Co (17/2) 15,14(15/2P3/2PI /2)4,5 (17/ 2)IS.14 .13 (lS/2P3/2PI /2) 4.5.6 

Figure Captions 

1. 	 Schematic layout of the T R IUMF (n,p) fac ility. 

2. 	 a) Raw spectrum for the sly target measured at an MRS angle of 0° (upper 
panel); b) Spectrum after background subtraction (lower panel). 

3. 	a) Binned spect ra at each angle for the Sl y target plot ted as a function of 
excitation energy in the final nucleus sl T i; b) B inned spectra at each angle for 
the S9CO target. 

4. 	 DWIA shapes used for the multipole decompos ition of SIV(n,p) da ta. Calc ula
tions are shown for an exci t ation energy of 15 MeV in the final nucleus. 

5. 	 Fits to measured angular dis tribu tions from s'V(n,p) fo r 1 MeY bins at exci
tation energi es of 5, 10, 15, and 25 MeV. The individua l components from the 
multi pole analysis are shown along with the summed cross section (full line). 
Note that no significant contribution is found for L=2. 

6. 	 Results of the multipole decomposition for the 5IY(n, p) da t il . At each angle, 
the contribution of each of the four assumed components is shown. Error bars 
on the data points represent statistical uncertainties . 

7. 	 Energy dependence of t he pa rtial cross seclions for L=O, 1, 2 a nd 3 compone llts 
of t he multi pole decomposition of the data in F ig. 6. T he cross sect ion is shown 
for a c. m . angle of 1.7° for L=O, 8.6° for L=I, 12.6° for L=2 and 16.6° for 
L=3. T hese a rc the measured angles closest to the maximum a ngle prf'd icted 
by t he D W IA ca lculations. The error ba rs shown a rise from both sta t is tical 
uncertainties in the data, and from t he least-squ ares fitting in the mliitipole 
decomposition. 
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