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Abstract: Differential cross sections for the (p, n) reaction on ‘*,%r and 57,5XFe have been measured 

for angles up to Slirh = X0.5” and 14.6”, respectively, using 120 MeV protons. The observed angular 

distributions are used to evaluate the location and strength of Gamow-Teller resonances. A shell-model 

calculation of this strength distribution is presented and compared with the experimental results. The 

Ml strength for “Cr is also calculated and compared with available results from (e, e’) and (p, p’) 

experiments. A comparison is made with other If ,,,nuclei. 

NUCLEAR REACTIONS ‘*,?r, “,“Fe(p, n), E = 120 MeV; measured ~(0). 52.54Mn, 

“*%a deduced Gamow-Teller resonances, transition strengths. Enriched targets. DWIA 

analysis. 
_-. .._.A 

1. Introduction 

The observation of spin modes of excitation in nuclei, in particular those with 

low-multipolarity, has received large interest in recent years. Empirically determined 

proportionality factors have been used to relate intermediate energy zero-degree 

(p, n) cross sections to the Fermi (F) and Gamow-Teller (GT) strengths for the 

corresponding transitions ‘). Studies of nuclei throughout the periodic table have 

037%9474/88/$03.50 @ Else&r Science Publishers B.V 

(North-Holland Physics Publishing Division) 
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established that the total observed Gamow-Teller strength, S,-, is only a fraction 

of the strength required by the GT sum rule limit 2,X). This quenching of the 

spin-isospin strength which has been observed most clearly in the (p, n) reaction 

has also been studied by exciting the magnetic dipole mode by means of high 

resolution inelastic proton scattering, inelastic electron scattering and resonance 

ff uorescence measurements. Several mechanisms have been suggested to explain the 

depletion of strength in the region where it is predicted by the shelf model. One 

school of authors suggests that the strength in the sharp states becomes distributed 

by mixing with multiparticle-multihole configurations into a continuum that cannot 

readily be distinguished from “background”. These multiparticle-multihole 

configurations are not included in standard shell-model calculations. Another school 

of authors suggests that coupling to delta-hole configurations, also not included in 

shell-model calculations, redistributes the strength to very high excitations [see 

ref. ‘) and references therein]. 

For nuclei in the lfT12 shell region the valence neutrons and protons are filling 

the same subshell. Therefore, model calculations predict significant unblocked S,+ 

strength, which, by the sum rule ‘) S,- - S,+ = 3( N - Z), implies a total strength, 

SD-, greater than 3(N -2). Zero-degree (p, n) spectra can be compared to model 

calculations of CT strength ‘). In addition the models also provide predictions of 

the distribution of Ml strength which can be compared to data from large angle 

inelastic electron scattering and small angle inelastic proton scattering, Recent (n, p) 

results obtained at intermediate energies of If r/2 nuclei “) also provide an empirical 

evaluation of the S,+ strength. 

The nuclei 48Ca, ‘OTi, 52Cr and 54Fe are all N = 28 isotones for which the 

observation of M 1 resonances excited either via electron scattering ‘) or with medium 

energy protons “) has been reported. A very complete study of Ml excitations in 

50Ti, 52Cr and j4Fe has been reported by Sober et al. “). Additionally, lower energy 

inelastic proton scattering to 1+ states in these nuclei has been reported by Fujiwara 

et al. lo). 

The Iocation and strength of (p, n) GT resonances in If,,, nuclei have been 

presented in several references; in “Ca by Anderson et al. I’); in “V by Rapaport 

et al. ‘) and in 54,5hFe and 5sX6”Ni by Rapaport et al. ‘*). 

In the case of “0, Eulenberg et al. ‘) report a value CB(Ml)T = 5.1 *OS pz for 

the summed Ml strength while the recent inelastic electron scattering experiment 

by Sober et al. “) indicates a higher “recommended value” CB(Ml)T = 8110.8 &. 

In the same paper, Sober et al. ‘) report on l-particle- I-hole shell-model calculations. 

Assuming free-nucleon g-factors a value CB(MI)t = 19.lpf, is calculated if all final 

states are included. 

In the high resolution (p, p’) measurements “), the summed (p, p’) cross section 

for the assigned M 1 states observed at Allah = 4” and E, = 201 MeV is Ca(p, p’) = 5.3 * 

0.7 mb/sr. A corresponding shell-model calculation by B.A. Brown is reported in 

ref. “). The single l-particle-l-hole shell-model wave functions yield a distorted-wave 



D. Wang el al. / (p, n) reacrion at E,, = I20 MeV 287 

impulse approximation (DWIA) cross section sum of Cc(p, p’) = 19.0 mb/sr. By 

using Towner and Khanna effective operators 13), which include non-nucleonic 

degrees of freedom and shell-model configuration effects, the calculated DWXA 

value is reduced to 14.7 mb/sr, Cc(p, p’) still a factor of three larger than that 

reported from (p, p’) studies. The mechanisms suggested to explain the quenching 

of GT strength would also quench Ml strength and it seems likely that the observed 

Ml quenching is due to a common mechanism operating for Ml and CT transitions. 

In the present work we present 120 MeV (p, n) data on s2,‘4Cr and on s7,5xFe. The 

measured angular distributions are used to select AL. = 0 transitions for which the 

experimentally observed CT strength is estimated and 

model calculations. 

then compared with shell- 

The experiment was performed using the beam swinger neutron time-of-flight 

facility at the Indiana University Cyclotron Facility I<). Large volume time- 

compensated plastic scintillators “) were located along the zero-degree beam line 

with respect to an undeflected proton beam at a distance of approximately 130 m. 

Additional details about the experimental set-up may be found in ref. 14). Sub- 

nanosecond time resolution was achieved, which is equivalent to an overall energy 

resolution of about 300 keV. The outgoing neutrons were observed at 61;,h = O”, 4.0”, 

8.2”, 10.5” and 14.6’. The electronics and data acquisition were similar to that 

described in ref. I’)” 

The thickness and enrichments of the metallic foils used as self-supported targets 

are given in table 1. Targets of ‘Li and ‘lC were used under identical experimental 

conditions to observe neutrons and obtain an energy calibration as well as the 

absolute efficiency of the neutron detectors. The method described in ref. r7) was 

employed to obtain an absolute efficiency for the neutron detectors. A recent value ‘“) 

for the 7Li(p, n)7Be (g.s.+O.43 MeV) total cross section was used to obtain the 

zero-degree differential cross section (a;,,,(O’) = 28 f 2 mbjsr) ‘) needed for this 

normalization procedure. 

Composition of meraltic foils used as targets 

Isotopes Total thickness Enrichment 

25.4rt 1.8 

27.0 f 3.0 

371 f.0 
40.0* 1.0 

99% 
91% j9%“Cr) 

90% 

92% (8%57Fef 
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3. Data and experimental results 

Zero-degree spectra of c.m. cross section versus outgoing neutron energy are 

shown in figs. 1 and 2. The values shown for absolute (p, n) cross sections are 

obtained directly from the ‘Li(p, n)‘Be calibration with no further correction 

necessary for neutron energies near those from the calibration reaction. For lower 

energy neutrons, calculated energy-dependent corrections were applied for the 

detector efficiency and the neutron attenuation in the flight path between the target 

and the detector. These corrections were about 10% for outgoing neutrons corre- 

sponding to 20 MeV excitation energy in the final nucleus. 

20 

16 

Ep =I20 MeV 

0 Lab - 0 degrees 

IA 

52Cr ( p.n) 52Mn 

54Cr ( p,n 1 54Mn 

S 

IAS 

g.s 

1 
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Fig. 1. Differential cross section versus outgoing neutron energy for (top) “Cr(p, n)“Mvln and (bottom) 

54Cr(p, n)54Mn at 0 = 0” and E, = 120 MeV. The most prominent peaks in both spectra correspond to 
the isobaric analog state transitions. 
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Fig. 2. Differential cross section versus outgoing neutron energy for (top> 57Fe(p, njT7Co and (bottom) 
“Fe@ n)‘*Co at 8 = 0” and E,= 120 MeV. The prominent peaks in both spectra correspond to the 

isobaric analog state transitions. 

Whenever possible the peak areas were extracted by fitting the region of interest 

with a gaussian peak shape and a linear background function. The excitation energy 

uncertainty of the observed neutron groups is estimated to be about 100 keV. 

In the next few paragraphs we will present data and results for each of the studied 

nuclei. 
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3.1. THE =Cr(p, r~)~‘Mn REACTION 

A zero-degree spectrum for this reaction is presented in the top part of fig. 1. The 

most prominent structure in the spectrum is the excitation of the isobaric analog 

state (IAS) in 52Mn at E, = 2.93 MeV [ref. “)I. The measured differential cross 

sections for transitions up to 5 MeV excitation energy 

52Cr ( p,n 1 52Nln 

Ep= 120 MeV 

are shown in fig. 3. The 

8,, ( degrees 1 

\ 

2 
;i 

A JzO+ 

Fig. 3. Angular distributions for neutron groups observed in the %r(p njszMn reaction at EP = 120 MeV. ~ 

The lines represent DWIA calculations for the indicated AJ transfers. 
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neutron group at E, = 0.55 MeV has an angular distribution characteristic of AJ” = 1 + 

transfer and arises mainly from the known l+ state in 52Mn at 0.546 MeV [ref. ‘“)I. 

The indicated AJ” = 3+ admixture can arise from two J” = 3’ states in 52Mn reported 

at 0.825 and 0.884 MeV [ref. ‘“)I that may be excited but not well resolved with the 

present experimental resolution. The ‘*h/In (If, 0.546 MeV) state is fed in the 

52Fe(g.s.) beta decay with a reported 19) logft = 4.589* 0.018. 

Several two particle stripping and pick-up reactions have been used to study 

excited states in “Mn [ref. ‘“)I. In particular, the 54Fe(d, Lu)“Mn reaction is of 

interest. The ground state (g.s.) of the 54Fe nucleus has J” =O’ and isospin Tz = 1. 

Because the (d, cw) reaction does not transfer isospin, only T = 1 states in ‘2Mn are 

excited in this reaction. The following states, below 4.8 MeV excitation, are repor- 

ted 19) with J” = l.i in the s4Fe(d, oc)S2Mn reaction: 0.55, 2.63, 3.57 and 4.38 MeV. 

Neutron groups exhibiting the characteristic AJ” = l+ angular distribution com- 

ponent are also observed at these energies in the present experiment. The measured 

di~erential cross sections are presented in fig. 3. The neutron group at 5.0 MeV (fig. 

3) may correspond to the excitation of the I+, 4.953 MeV state reported in the 

?Zr(‘He, p)‘lMn reaction “). 

The correspondence of neutron groups at excitation energies above 5.0 MeV with 

known states in 52Mn is not straightforward and is not attempted. Above E,- 

5.0 MeV, the measured differential cross sections for 1.0 MeV energy bins are used 

to estimate the AL = 0 cross section contribution in the zero-degree spectrum using 

the multipole decomposition method. These values are used to estimate the CT 

strength in the excitation energy region between 5 and 15 MeV. A summary of 

location and strengths of GT transitions is shown in table 2. A more extensive 

analysis of the AL = 0 spectrum is discussed in sect. 4.4. 

3.2. THE -Cr(p, n)‘“Mn REACTION 

A zero-degree spectrum of differential cross section versus outgoing neutron 

energy for the 54Cr(p, n)“4Mn reaction is presented at the bottom of fig. 1. The S4Cr 

target had a 9% “Cr contamination. Since the ‘*Cr(p, n)52Mn reaction was measured 

under identical conditions, normalized 52Cr(p, n)S’Mn spectra were subtracted from 

corresponding 54Cr(p, n)54Mn spectra to remove the 52Cr contributions. The 

dominant peak in the zero-degree spectrum corresponds to the excitation of the 

IAS at E, = 6.15 MeV in ‘“Mn [ref. '")I_ The first neutron group observed in the 

zero-degree spectrum (fig. 1) corresponds to AJ = It transfer at an excitation energy 

of about 1.4 MeV. There are two It states in 54 Mn reported >“) at excitation energies 

of 1.391 and 1.454 MeV, respectively. 

The second neutron group in the bottom half of fig. 1 seems to correspond to an 

excited I+ state reported at 1.922 MeV. Excited I+ states reported at 1.634 and 

1.649 MeV [ref. ““)I may also be excited but would have cross sections much smaller 

than the previously mentioned neutron groups. The energy resolution achieved in 
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TABLE 2 

‘?r(p, n)‘*Mn Reaction (Ep= 120 MeV) 

L = 0 transitions 

Zero-degree cross sections and transition strengths 

Neutron group 

E,(MeV) “) 
o,_ m (0”) Y 

(mb/sr) WGT) B(F) 

0.55 0.51 0.094 
2.7 1.76 0.35 
2.93 ‘) 3.7 4.0 
3.6 

3.8 

5.0 0.32 0.06 

5.6 

17.0 

“) Estimated location of neutron group centroid; uncertainty ztO.1 MeV. 

h, Estimated cross section of corresponding neutron group; uncertainty 

115% 

‘) Value calculated using 1 MeV interval histogram (see fig. 7). 

J, isobaric analog transition. 

the present experiment is not good enough to resolve all of these transitions. The 

measured differential cross sections for neutron groups up to 6.15 MeV excitation 

energy in 54Mn are presented in fig. 4. For excitation energies above the IAS 

(E, = 6.15 MeV), no attempt has been made to identify neutron groups. However, 

the measured angular distributions in 1 MeV energy bins have been used to estimate 

the AL = 0 cross section contribution in the zero-degree spectrum; these values are 

used to estimate the CT strength in the excitation energy region between 6 and 

18 MeV. Transitions characterized with PJ = It and their corresponding GT 

strengths are summarized in table 3. 

3.3. THE “Fe(p, n)“Co REACTION 

The zero-degree spectrum for this reaction is presented at the top part of fig. 2. 

The excitation of the IAS at E, = 7.3 MeV is the dominant feature of the spectrum. 

Because of the high density of states in 57Co, no attempt was made to identify 

observed neutron groups with states in s7Co. Differential cross sections for the 

indicated neutron groups are shown in fig. 5. The presence of a AJ” = l+ transfer 

implies the excitation of states in 57Co with either J” = $- or $-. Above 6 MeV 

excitation energy non AL= 0 contributions to the zero-degree spectrum were 

obtained from the measured angular dist~bution. A location and strengths of GT 

transitions is shown in table 4. 
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54Cr ( p,n ) ?Mn 
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E,=5.4 MeV - 
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AJ:I+ 

5 IO 

&,J degrees 1 

Fig. 4. Angular distributuions for neutron groups observed in the %r(p, nJ5’Mn reaction at E,= 

120 MeV. The solid lines are dJ = I’ DWIA calculations. 

3.4. THE “Fe(p, n)S”Co REACTION 

A zero-degree spectrum for this reaction is presented in the bottom of fig. 2. 

Approximately 8% of “Fe was present in the .58Fe target used in this experiment. 

Properly normalized “Fe(p, n)57Co spectra were used to remove the contributions 
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TABLE 3 

54Cr(p, n)54Mn Reaction (Er = 120 MeV) 

L = 0 transitions 

Zero-degree cross sections and transitions strengths 

Neutron group 

E, (MeV) “1 

o= m (0”) Y 
(mhisr) 

B(GT) B(F) 

1.40 
1.90 

2.60 
2.90 1 

4.10 

4.30 

4.70 I 
5.40 

5.70 I 
6.15df 
5.7 

18.0 

0.66 0.12 

0.47 0.084 

0.36 0.064 

2.26 0.45 

2.4 0.45 

6.8 6.0 

6.5 ‘) 

1 B(GT) = 7.7zt 1.9 

“) Estimated location of neutron group centroid; uncertainty rtO.1 MeV. 

b, Estimated cross section of corresponding neutron group; uncertainty 

*lS%. 

‘) Value calculated using 1 MeV interval histogram (see fig. ‘7). 
“) Isobaric analog transition. 

due to “Fe in the 58Fe(p, n)58Co spectra. As in the previous zero-degree spectrum, 

the excitation of the IAS at E, = 5.80 MeV is the dominant feature. Differential cross 

sections for neutron groups below this state are presented in fig. 6. For excitation 

energies above the IAS, differential cross sections for 1 MeV bins were used to 

estimate the AL= contributions in the zero-degree spectrum. A summary of the 

observed GT strength is presented in table 5. 

4. Discussion 

4.1. DWIA CALCULATIONS 

Microscopic calculations for the differential cross sections were done using the 

code DWBA-70 *I). Values for optical model potential (OMP) parameters were 

obtained from ref. “). The effective interaction used was that parameterized from 

the free nucleon-nucleon interaction by Love and Franey 23) at E, = 140 MeV. More 

recent values for this interaction reported by Franey and Love 24) give essentially 

the same results. The AJ” = If transitions studied in this experiment are mainly 

(If-particle) (If-hole). Harmonic-oscillator shell-model wave functions were 

assumed for these transitions. For the oscillator size parameter a, we used the genera1 
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57Fe (p,n) “Co 

Ep=120 MeV 

EX -1.36 MeV 

t 
E, ~I.50 He’4 

E, = 1.76 MeV 

Ex =5.2 HeV 

5 IO 

E, =6.6 HaV 

b. 

I. 

E., =7.3 HeV 

- (IA) 

B,,(degrees 1 

Fig. 5. Angular distributions for neutron groups observed in the “Fe(p, n)“Co reaction at E, = 120 MeV. 
The lines represent DWIA calculations for the indicated AJ transfers. 

formula of Blomqvist and Molinari “): 

a ’ = (0.9A”3 + 0.7) fm’. 

Many of the l+ low-lying states in these nuclei are fairly well described with the 

simple (If) shell-model space. At higher excitation, other configurations are impor- 

tant. For excited states with a large CT strength, the calculated shell-model wave 

functions (see sect. 4.3) were used to calculate the shape of the angular distributions 

at several excitation energies. Negative-parity transitions were assumed to be ( lgslr 

particle) ( lf7,2 hole) configuration. The shapes indicated in figs. 3-6 represent some 

of these calculations. 
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TABLE 4 

57Fe(p, n)“Co reaction (E, = 120 MeV) 
L = 0 transitions 

Zero-degree cross sections and transition strengths 

Neutron group am,, Y 
E,( MeV) “) (mbisr) 

B(GT) B(F) 

1.38 
1.50 

1.76 

3.11 

3.35 I 

3.86 

4.06 i 

4.6 

5.2 
6.1 

6.6 

7.3 d) 

7.0 

20.0 I 

0.32 0.059 

0.25 0.047 

0.32 0.059 

1.3 0.25 
2.2 0.42 
0.74 0.14 

1.5 0.29 
5.6 5.0 

8.9 “) 

C B(GT) = 10.2 f 2.6 

“) Estimated location of neutron group centroid; uncertainty *O.l MeV. 

h, Estimated cross-section of corresponding neutron group; uncertainty 
ZtlS%. 

“) Value calculated using 1 MeV interval histogram (see fig. 7). 

“) Isobaric analog transition. 

4.2. CT STRENGTH FUNCTION AND SUM RULE 

Zero-degree (p, n) cross sections are usually used to obtain estimates of transition 

strengths for AL = 0 transitions ‘). However, there can be zero-degree contributions 

arising from other multipolarities. To empirically estimate the “background” contri- 

butions due to processes other than Fermi or GT transitions, we have used the 

procedures indicated in ref. 12) which require the use of empirical angular distribu- 

tions and DWBA-70 calculations for shapes of several multi-polarities. After remov- 

ing the peak corresponding to the Fermi transition (IAS) the results that represent 

just CT strength are shown in figs. 7-8. 

As reported in refs. ‘326327) the low-momentum transfer (p, n) cross section for CT 

or F transitions can be represented as a product of three factors: 

where cr = GT or F. The factor &a (A) is a nuclide-dependent proportionality factor 

cross section per unit strength (“unit cross sections”), F(q, w) describes the depen- 

dence on the momentum transfer q and energy loss w and is identical to unity in 
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5 IO 
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“Fe ( p.n 1 ?o 

Ep= 120 MeV 

ecM (degrees 1 

Fig. 6. Angular dist~butions for neturon groups observed in the 58Fe(p, n)‘*Co reaction at E, = 120 MeV. 

The lines represent DWlA calculations for the indicated dl transfers. 

the limit (q, co) +O, and B(a) is the reduced transition strength: 

or 

for the Gamow-Teller (Y = GT, or Fermi (Y = F transition as defined, for instance, 

in Bohr and Mottelson *‘) for P-decay transitions. The summation is over all nucleons 

in the nuclide. In the case of /?-decay, these reduced transition probabilities may 
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TAHLE 5 

58Fe(p, n)“Co reaction (E, = 120 MeV) 

L = 0 transitions 

Zero-degree cross sections and transition strengths 

Neutron group UC m (0”) 9 
E, (MeV) “) (mb/sr) 

1.05 
1.38 
1.44 I 

1.73 
1.87 1 

2.25 

I 2.64 

3.29 

3.9 

5.0 

5.8 d) 

5.5 

20.0 1 

0.49 0.094 

1.8 0.35 

0.53 0.1 

1.4 0.27 

2.7 0.54 

2.9 0.60 

7.3 

13.7 “) 

1 B(GT) = lS.Yi 3.8 

B(GT) B(F) 

6.0 

“) Estimated location of neutron group centroid; uncertainty iO.1 MeV. 

“l Estimated cross section of corresponding neutron group; uncertainty 
r15’%. 

“) Value calculated using 1 MeV interval histogram (see fig. 7). 

“) Isobaric analog transition. 

be obtained directly from ft-values according to the expression ‘“): 

’ B(GT)= 
6143.4* 3.8 

.fr . 

The value 6163.413.8 is the vector coupling constant determined by Hardy and 

Towner I’). The quantity (gA/gv) is the ratio of the axial to the vector coupling 

constant and is taken as ‘O) 1.250* 0.009. 

The propo~ionality factor &_(A) used to convert measured cross sections to 

transition strengths may be obtained empirically in two ways. If a transition is 

observed both in P-decay and in intermediate energy (p, n) reaction, the B(GTI 

obtained from the $-value and the measured zero-degree cross section may be used 

in eq. (1) to obtain a “unit cross section value” c?&A) for the nuclide under study. 

The factor F(q, w) is generally close to unity and can be calculated with small 

uncertainty ‘j. Another method is to use the empirically determined ratio GGT/GF 

[refs. ‘,“)I. This ratio (at incident energies 50 s E, (MeV) s 200) can approximately 

be written: 

A 

~GT 
---~ 

4 

~GT(W B(F) _ Rz 

UF a,(~~) B(GT) ’ 
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E, ( MeV 1 ins4Mn 

299 

Fig. 7. Gamow-Teller strength for the (top) “Cr(p, n)“Mn and (bottom) “%Ir(p, n)s4Mn reactions. The 

strength in energy bins of 1 MeV is presented versus excitation energy. The experimental B(CT) (shaded 

area) is compared with shell-model calculations that have been multiplied by f. 

where a&O’) and ~~(0~) correspond to the measured zero-degree cross sections 

for states containing CT and F strength, respectively. For incident energies 50 s E, s 

200, it has been shown ‘) that this ratio is described by the nuclide-independent value: 

R = E,(MeV)/(%* 1 MeV) . 

If the IAS transition is resotved, the measured cross section CT&O’) and the vatue 

B(F) = (N - 2) may thus be used to obtain the required cross section per unit GT 

strength, &oT. Calculable correction factors F(q, w) should contribute only small 

uncertainties in this procedure. 

Both methods were used and gave consistent results within 10% deviation. The 

GT excitation functions in B(GT) units such that for the free neutron B(GT) = 3, 

are shown in figs. 7-8. 
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!r Gomow- Teller strength ins’& 
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Gamor-Tbllsr strength m”ICo 
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Fig. 8. ~amow-Teller strength for the (top) “Fe@, n)S7Co and (bottom) “Fe(p, n)%o reactions. The 

strength in energy bins of 1 MeV is presented versus excitation energy. The shell-model strength for the 

‘$Fe(p, n)“sCo reaction multiplied by 5 is compared (bottom) with the experimental B(CT) (shaded area). 

A simple model independent sum rule ‘) may be used to determine the expected 

GT strength: 

s,--S,+=3(N-2). 

In heavy nuclei S,+ is expected to be negligible due to Pauli blocking effects. For 

the If shell nuclei studied here j& vacancies exist for both neutrons and protons 

so both S,-- and S,+ will be non-zero. The total p- strength is then S,-= 

[3( N - 2) + SO+]. There are no experimentalIy determined GT“ strengths for nuclei 
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in this study, except for A = 54 [ref. “)I. We use shell-model calculations, which are 

consistent with the sum rule, to estimate the S,- and S,- values. The excitation 

function for the B(GT-) shell-model calculations are compared to the data in figs. 

7-8. Both the GT- empirical strength and theoretical calculations strength have 

been summed up in 1 MeV energy bins to make the comparison. 

4.3. SHELL-MODEL CALCULATlONS 

In this section we present the corresponding shell-model calculations for charge- 

exchange reactions and shell-model calculations for Ml excitations for the case of 

“Cr. 

Low-lying levels of nuclei with If,,, valence nucleons such as “‘Cr and s4Fe are 

fairly well described with the simple lf7,2 model space (model space A) “). However, 

this basis is not adequate for the calculation of GT strength because of the importance 

of the If,,, to Ifs,2 transitions. Also, in the case of s4Cr and “.“Fe, transitions within 

the 2p shell are required. Since a full basis (fp) shell-model calculation is prohibitive, 

we have adopted a model-space truncation which allows at most one particle to be 

excited. This model space is called B. For all the calculations, we use the van Hees 

and Claudemans interaction 33). 

For the g.s. of 58Fe we have assumed a simple 4-particle 2.hole (4p2h) configuration 

to calculate the GT- strength function. Because of the large dimension involved, 

we have not done the shell-model calculations for the “Fefp, n)“7Co reaction. 

The calculations were carried out with the shell-model code OXBASH 34). In the 

next subsections we present results for the individual cases. 

4.3.1. Results for “‘Cr. Within the assumption that CT transitions occur in the 

A+ B model spaces defined above, excited states up to 18 MeV excitation in 5’Mn 

carry all the calculated GT- strength. The sum strength in 1 MeV energy bins is 

compared with the data also summed in 1 MeV bins in fig. 7. The calculated curve 

has been scaled by a factor of $ to make the shape comparison more apparent. In 

table 6 we list the sum of the experimental and calculated results for the B(GT-) 

Summary of CT strengths 

Target 

observ. 

% s, * 
- -_.I--___ 

talc. Q<;, “) observ. talc. 
(Model space A + B) 

5ZCr 5.911.5 18.9 0.3 1 6.9 

?Zr 7.7t 1.9 20.5 0.38 2.5 
“Fe 10.2 * 2.6 

“Fe 15.913.8 31.6 h, 0.50 13.6 h) 

“) Defined as the ratio between the observed and calculated sum GT-strength. 

h, Assuming a simple shell-model space (“zero-order” model). 
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strength. A shell-model calculation also assuming A+ B model spaces, have been 

reported for the 52Cr(p, n)52Mn reaction in ref. “). The only difference is in the 

adopted effective interaction. The excitation function for the GT- strength is very 

similar to the one reported here and the reported sum GT- strength is shown in 

table 6. 

We also have calculated the Ml excitation in 52Cr and the results are presented 

in sect. 4.4. 

4.3.2. Results for A = 54. 

(a) 54Cr(p, n)54Mn. Shell-model calculations for the GT- strength were done 

assuming that the 54Cr g.s. wave function has a [( rrf,,J4 ( vf,,2)8 (ux*)&+ configura- 

tion with x = psi*, f5,2 and p,,* with neutron occupation probabilities of 81.5%, 

14.3% and 4.2%, respectively. The l+ states in 54Mn were calculated to all possible 

configurations that could be reached by moving one nucleon from the assumed 54Cr 

g.s. configuration. This involved a dimension of 809. The sum strength in 1 MeV 

energy bins is compared with the data also summed in 1 MeV bin in the lower half 

of fig. 7. 

(b) 54Fe(n, p)54Mn. The B(GT)-) and B(GT’) strength distributions leading to 

the same final nucleus are important in double beta-decay calculations (see sect. 

4.5.). In this case, some of the final states in “Mn, in particular low-lying states, 

should be populated both in the 54Cr(p, n)54Mn and in the 54Fe(n, p)54Mn reactions. 

Of course, the GT strengths in both directions are not the same because of the 

different g.s. configurations of 54Cr and 54Fe. Calculations for the (GT-) strength 

to final states in 54Mn are described in the above paragraph. In this section we 

present results for the calculated (GT+) strength to final states in 54Mn. 

Calculations for the B(GT+) strength distribution also have been done by Bloom 

and Fuller 35) and by Muto et al. 3h). 

We have assumed in our calculations that the 54Fe g.s. wave function may be 

described by a pure Op2h model, i.e., [(nf,J2( vf,,2)8]o+ which is essentially a 

“zero-order” model. The application of the GT+ operator to this state produces six 

J” = l+ states which, using the van Hees interaction, are all located below 6 MeV 

of excitation energy. A similar distribution is predicted by Bloom and Fuller and 

both calculations give a total strength S,+ = 10.29. 

Bloom and Fuller 35) and Muto 36) have assumed in addition, a lp3h configuration 

for the ground state wave function of 54Fe leading to l+ states in 54Mn with 

configurations up to 2p4h. The GT’ strength is still mainly concentrated in the first 

few MeV of excitation and the sum (n, p) strength is reduced by about lo%, 

S,+ = 9.12 [ref. “)I. We do not pursue these calculations because the additional ph 

configurations would require an even larger dimension than the one used in refs. 35Y36) 

for the calculation of the 54Cr(p, n)54Mn GT- strength. 

4.3.3. Results for A = 58. 

(a) 58Fe(p, n)58Co. Shell-model calculations for the GT- strength were done 

assuming that the “Fe g.s. wave function has a simple 4-particle 2-hole configuration. 



D, Wang et al. / (p, n) rencrimt at E, = 120 MeV 303 

The results indicate that excited states up to 16 MeV in “Co carry all the GT- 

strength. The sum strength in 1 MeV energy bins is compared with the data also 

summed in 1 MeV bins in the lower half of fig. 8. The large empirical GT- strength 

observed above 16 MeV excitation energy in ‘%o indicates the simplicity of the 

adopted model space. However, the large dimensions involved make prohibitive a 

calculation in a larger shell-model space. The calculated S, and .S,+ strengths are 

presented in table 6. 

(b) “XNi(n, p)“Co. As it was the case for A =54, final states in “Co may be 

reached via the 5XFe(p, n) and “Nifn, p) reactions. Even though the experimental 

data are not yet available, we have performed a shell-model calculation for the 

5XNi(n, p)“Co reaction, again in a simple model. The results indicate that the GT’ 

strength is concentrated below 4 MeV of excitation and that the calculated sum 

strength is S,+ = 13.2 

4.4. COMPARISON WITH OTHER PROBES 

Extensive data are available for the Ml excitation in “Cr via (e, e’) and (p, p’) 

reactions. In this section, we compare such data with the present results and with 

shell-model calculations. There are no similar data for the other nuclei studied in 

this paper. 

The GT excitation function derived from the ?r(p, n) data is presented in fig. 

9 and is compared with the Ml strength distribution in “Cr as measured by the 

(e, e’) reaction “) as well as by the “Crfp, p’) cross section measured at @r = 4” and 

E,= 201 MeV [ref. “)I. The portion of the (p, p’) spectrum between 9-12 MeV in 

“Cr is reported “f to have T = 2. Two states at 12.56 and 12.90 MeV excited in the 

(p, p’) reaction have been classified “) as having T = 3. 

In principle isobaric analogs of the Ml states, excited via the spin-isospin 

interaction with intermediate energy protons should be excited in the (p, n) reaction. 

However, because of the small values of the isospin Clebsch-Gordon coefficients, 

the (p, n) cross sections for exciting T = 3 states relative to T = 2 states are strongly 

reduced. The analogs of states in “Mn should be located at excitation energies that 

are 2.925 MeV larger than those of their parent states in “Cr. Aithough the energy 

resolution is better for the (p, p’} work than in the present (p, n) study, it can be 

seen in fig. 9 that the structure observed in the (p, n) spectrum between 11.9-15.0 MeV 

is similar to that of the (p, p’) spectrum in the corresponding energy region 9- 

12.1 MeV. From an analysis of the (p, n) spectrum using gaussian peak shapes, we 

find good correspondence with the (p, p’) data. In fact the relative cross sections 

found for the (p, n) neutron groups were very similar to those for the (p, p’) data. 

We did not observe the analogs for the two T = 3 peaks observed in the (p, p’) work. 

This is in accordance with the expectations based upon the relative magnitudes of 

the Clebsch-Gordon coefficients as noted above. The good agreement between the 

excitation energies and relative cross sections of the peaks observed in the (p, p’) 
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Fig. 9. Comparison of the excitation of I+ states in ‘*Cr via the (p, p’) [ref. “)I and (e, e’) [ref. “)I 

reactions with l+ states in 52 Mn excited in the (p, n) reaction. 

and (p, n> reactions seems to suggest that the (p, n) cross section in the 12-15 MeV 

energy region are dominated by T = 2 states. We have calculated B(MI )t from the 

B(GT) values assuming T= 2 states. These are tabulated in table 7 and cumpared 

with B(Ml)T deduced from the (e, e’) data. In the energy interval considered here, 

we find CP,, B(Ml)T = 4.7 pi and C,,+, B(Ml)T = 4.75 ~2, if we only include definite 

Ml states. Assuming that the Ml states observed in the (e, e’) reaction are excited 

only via the spin-isospin interaction, this would suggest that the states excited in 

the (p, n> reaction are mainly T= 2 states, whereas the theoretical calculations 
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TABLE 7 
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Comparison of B(Mlt) in “Cr from (e, e’) measurements with B(Ml)f deduced from the %r(p, n)‘*Mn 

reaction 

E,(‘*Cr) 

(MeV) 

(e, e’) 

B(Ml) E,(=Cr) 

(d) (MeV) 

(P, n) ‘) 

B(GT) 
B(Ml) ‘) 

(d) 

9.14 

9.21 

9.32 

9.42 

9.61 

9.72 

9.83 

9.88 

10.0 

10.27(?) h, 

10.34(?) 

10.38(?) 

10.43 

10.46 

10.51(?) 

10.61(?) 

10.71 

10.76 

10.79 

10.82(?) 

10.92(?) 

11.07(?) 

11.14(?) 

11.40 

1.12 

12.0 

0.88 

0.23 

12.3 

0.24 

0.23 12.5 

0.43 12.6 

0.15 12.8 

0.18 

12.9 

0.05 

0.13 

0.19 

0.20 13.2 

0.17 

0.07 

0.18 13.4 

0.04 

0.08 

0.044 

13.6 

0.26 

0.036 

0.068 

13.9 

0.065 

0.12 

0.62 14.3 

Sum: 5.78 (all transitions) 

4.75(only definite Ml states) 

0.216 1.14 

0.118 0.62 

0.045 0.24 

0.10 0.53 

0.025 0.13 

0.05 0.26 

0.073 

0.073 0.38 

0.064 0.34 

0.057 

0.068 

Sum: 0.89 

0.38 

0.30 

0.38 

4.7 

“) Ref.“). 

b, A question mark indicates other than Ml assignment possible. 

‘) Assuming T = 2 states. 

indicate about equal T = 1 and T = 2 CT strength in this energy interval. We have 

arrived at a similar conclusion by using DWIA calculations to scale the 4” (p, p’) 

cross section “) at 201 MeV to equivalent values at 0” cross sections at 120 MeV. If 

the states observed in the (p, n) reaction are isobaric analogs of the T = 2 states 

excited in the (p, p’) reaction, then o,,(O”) should equal a,,(O”) for the same incident 

energy. From the (p, p’) data “) we deduce C rC2 (~~~(0~)~~~~~~ = 4.42 mb/sr, which 



306 D. Wang et al. / (p, n) reaction at E,, = 120 MeV 

is in good agreement with our measured value I;a,,(O”) = 3.91 mb/the latter is a 

sum over the levels tabulated in table 7. 

4.5. (p, n) AND (n, p) REACTIONS 

4.5.1. The (p, n) and (n, p) reactions on s4Fe. As indicated in sect. 4.1., the 

zero-degree (p, n) spectra at intermediate energies provide unique information on 

the energy distribution of the GT- strength, while (n, p) data on the same target 

should provide information on the GT+ strength. Such data exist for 54Fe; the 

54Fe(p, n)54Co data have been reported in ref. I’) while the 54Fe (n, p)54Mn reaction 

have been studied by Vetterli et al. “) at E, = 298 MeV. 

A summary of the experimental and calculated results are shown in table 8. 

For 54Fe S,+ is large and model sensitive. Thus, it follows from the sum rule that 

the calculated value of S,- is also model sensitivite and a comparison with the 

empirical C B(GT-) to obtain a quenching factor cannot be stated with certainty. 

The calculated value in a “zero-order” model is 16.29. Using Op2h and lp3h 

configurations for the 54Fe g.s. wave function, a value 15.21 is obtained 35). The 

empirical value 1 B(GT-) = 7.8 f 1.9 is reported in ref. I*). 

TABLE 8 

Sum rule GT strength for s4Fe 

54Fe( p, n) ‘“Fe(n, p) 

s/3 %+ 

observ. CdC. observ. talc. 

7.s* 1.9 16.29 3.8 “) 10.29 

5.2 ‘) 

3.3 ‘) 
15.21 “) 9.1 d) 

“) Value from ref. “). 

h, From 54Fe(e, e’) data. See text. 

‘) From 54Fe(p, p’) data. See text. 

‘) From ref. “) using Op2h and lp3h configurations for the “Fe g.s. wave 
function. A Op2h (“zero-order” model) gives the values indicated in the first 

TOW. 

Our calculated value in the “zero-order” model for S,+ is 10.29. Vetterli et al. 6, 

estimate the C B(GT+) value from the measured 12.9 i 1.2 mb/sr AL = 0 cross section 

below 10 MeV excitation energy in 54Mn, obtained in the zero-degree 54Fe(n, p)54Mn 

reaction at 298 MeV. They estimate the GT+ strength by evaluating the “unit cross 

section” theoretically. A value C B(GT+) = 3.8kO.4 is obtained and including a 

systematic error of 0.6 arising from the estimation of the unit cross section a value 
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1 B(GT+) = 3.8 f 0.4 + 0.6 is quoted “). The empirical values from the sum GT- and 

GT+ strengths are a fraction of the calculated values. Thus, even if we say that the 

shell-model space used in the calculations is not adequate, we still must conclude 

that we have not found all the GT strength. It is most plausible to say, however, 

that both the GT- and GT+ strengths are quenched. Unfortunately, the above results 

do not test the sum rule. The quenching we calculate for the GT- and GT+ strengths 

are rather different whether is comes from redistribution of strength due to 2p2h 

coupling in the excitation energy below 100 MeV or whether the delta polarizes the 

nucleus so that the UT operator is renormalized. 

Another estimate of S,+ may be obtained from the 54Fe(e, e’) result of Sober et 

al. ‘). Using the value C B(Ml)T = 5.5 pz reported for levels with a “unique” Ml 

multipole assignment and the calculated shell-model value for T = 2 states of 

C B(Ml)T = 10.9 pz, a quenching of (5.5/10.9) = 0.51 is obtained. This factor can 

be different from the GT quenching factor because orbital currents contribute to 

Ml strength and not to GT strength. 

We can get another estimate of S,+ from the 54Fe(p, p’) data “). Assuming that 

the states above 9.94 MeV reported in ref. “) are T = 2 states the sum C a(47 for all 

these states is 2.89 mb/sr [table 3, ref. ‘)I. The calculated 1 (p, p’) cross section for 

these states gives a value 1 ~~~~(4’) = 9.05 mb/sr which would imply a quenching of 

Q,,, = (2.89/9.05) = 0.32. 

4.5.2. The (p, n) and (n, p) reactions to final states in “4Mn. We present in table 

9 the observed and calculated GT strengths for states in s4Mn populated via the 

TABLET 

Low-lying GT states in 54Mn reached via (p, n) and (n, p) reactions 

54Mn Wr(p, n) “%(n, P) 
E,(MeV) B(GT) (CT) 

observ. talc. observ. talc. “) observ. talc. “) 

1.40 1.40 0.12 0.003 0.64 

1.90 2.11 0.084 0.002 0.39 

2.60 2.36 I 

0.064 

0.012 1.46 

2.90 3.07 0.008 3.07 

4.10 0.011 1.85 
4.30 

3.82 I 
0.45 

4.70 

5.4 
5.7 0.45 

6.04 0.002 2.88 

Sum: 1.17 0.038 3.8 b) 10.29 

“) Calculated using the “zero-order” model with interaction of ref. “). 

“) Value for the sum strength reported in ref. ‘) up to 8.0 MeV excitation energy 
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s4Cr(p, n) and 54Fe(n, p) reactions. The GT matrix elements that we can empirically 

obtain from these reactions are important in the calculations involving double 

beta-decay. For “Fe, double electron capture is the only open second-order weak 

decay mode. These processes are important during the late stages of stellar evolution 

as pointed out by Bethe et al. ‘*). Values obtained from the present study for the 

B(GT) excitation function and the zero-degree 54Fe(n, p) spectrum obtained with 

298 MeV neutrons “) are presented in fig. 10. It seems that only states up to about 

5 MeV excitation energy in ‘“Mn have an overlap in both channels. The calculated 

B(GT) values using the “‘zero-order” model are presented in table 9. The comparison 

between the empirical and calculated values for the 54Cr(p, n) B(GT) indicates that 

such a model is not adequate for this double-beta decay calculation. Even including 

an additional lplh configuration “) in the g.s. wave function for S4Fe will not be 

sufficient because in the simple shell-model picture, the g.s. wave function for 54Cr 

requires 2p4h configurations. The GT operator will also produce 3p5h states in 

54Mn which must be included. Thus this comparison indicates clearly the important 

of empirical CT matrix elements for these type of calculations. 

et GT )/MeV 

” 

0 cl.6 I.2 

B( GT )/MeV 

Fig. 10. Excitation of If states in 54Mn excited in the “‘Fefn, p) reaction [(ref. “)I and in the s4Cr(p, n) 

reaction (this work). The GT strength per MeV is presented versus excitation energy in “‘Mm The 
reported I+ states in 54Mn [ref. ‘(‘)I are presented as solid lines. The dashed lines indicate group of states 

that seem to be populated in both reactions. 
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The excitation function for the (p, n) GT strength in the nuclei s2q54Cr and 57*s8Fe 

have been studied up to approximately 20 MeV excitation energy and compared 

with shell-model calculations. A summary of these results are compared with similar 

data for other If,,, nuclei in table 10. 

A comparison among the N = 28 isotones indicates a sharp decrease in the 

empirical GT strength (observed up to 20 MeV excitation) with the filling of the 

lf,,z proton subshell, Assuming a simple shell-model space, the calculated (p, n) 

sum strength does not decrease as much as this is reflected in the large variations 

observed in the values of Qrj7 (table 10). For the Fe isotopes, the empirical GT” 

strength, as expected, increases with mass number. The theoretical GT strength 

increases in about the same proportion, which is reflected in the same value QcT- 

0.5 for all the isotopes, 

The large variation of QSt values (table 10) deserves further explanation. Of 

course, additional GT strength may possibly reside in many small transitions above 

20 MeV excitation energy, but the theoretical results using the truncated shell-mode1 

spaced indicated in sect. 4.3 indicate almost no GT strength above 20 MeV. It is 

indicated in ref. ‘f that correlations in the g.s_ wave function in a Oho shell-model 

space will reduce the calculated (p, n) GT strength as compared with the results 

obtained using the ““zero-order”’ approximation. If the shelf-model space is increased 

TABLE 10 

Summary of sum (p, n) CT strength for some lf,,2 nuclei 

Empircal Calculated 

Q<;r = r. WC-I-)/&- 
C B(GT)- ref. S,~ “) 

N = 28 isorones 

‘Ta(p, n)Yk 17:; $11 24 0.71 fgO;:y 

::V(p, n)“Cr 12.6 i: 2.5 5 20.14 0.63 10.13 

szCr(p, n)“‘Mn .5.9* 1.5 this 18.9 0.3 1 * 0.08 

2h 54Fe(p, n)%o 7.8 * 1.9 12 16.3 0.48iO.12 

0,1 3!, 

a+:-: 40 
7.7i. 1.9 this 

9.9 f 2.4 12 

10.2 A 2.6 this 

15.9i3.8 this 

7.411.8 12 

7.2* 1.8 12 

0.0 

6.0 0 . 7~*.0~ *.0x 
20.5 0.38 t 0.09 

22. t 0.45 * 0.1 I 

31.6 0.5~kO.12 

19.2 0.39* 0.09 

24.6 0.29~0.07 

“1 Shell model calculated (p, n) sum strength assuming the simplest c~n~guration (?zero order” model). 



310 D. Wang et al. / (p, n) reaction at E,, = 120 MeV 

to several hw, the energy distribution of the GT strength will also be affected giving 

a different sum up to 20 MeV excitation energy. 

For A = 54, GTquenching defined as the empirical C B(GT) strength value divided 

by the calculated value can be determined from three different experiments: 

54Fe(p, n)54Co , QGT = 0.48 (see table lo), 

54Fe(n ,p)54Mn , QGT = 0.37 (see table 8) , 

54Cr(p, n)54Mn , QGT = 0.38 (see table 10). 

Finally, the importance of empirical GT matrix elements for the evaluation of 

double beta decay is presented, citing as an example the case for 54Fe. 
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Department of Energy and the Danish Science Research Council. The careful target 
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