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ABSTRAcr 

A description is given of the use of high resolution (n,n) scattering 

. and the (p,n) reaction as tools to investigate highly excited states with 

emphasis on information pertaining to magnetic dipole strength and giant 

spin-flip resonances in heavy nuclei. It is shown how the ability to uni­

quely determine the spins and parities of resonances observed in neutron 

sea ttering has been instrurental to an understanding of the di·stribution of 

M1 strength in 207,208pb. Some recent results of (p,n) studies with inter­

mediate energy protons are discussed. Energy systematics of the giant 

Gam:>w-Teller (GT) resonance as well as a new llR- = 1, !lS = 1 resonance with 

J 11 = (1,2)- are presented. It is shown how the (p,n) reaction might be 

useful to locate M1 strength in heavy nuclei. 

1. INTRODUGriON 

Although a good deal of effort has been expended in investigations of 

the nuclear continuum regions of excitation, there still are many features 

which are not yet understood as well.as others which have not yet been 

observed. Researchers have utilized many different techniques in their pur­

suit of these problens, and in recent years we have witnessed the demise of 

same of these methods and the introduction of new ones. This work will con­

centrate on just two methods: 1) high resolution low-energy neutron scat- · 

tering ("old" technique) and 2) high energy (p,n) reaction studies ("new" 
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technique) • The min anphas.is will be upon· aspects of the da~ and physics, .. 

rather than the experimental details. The neutron scattering measurements 

provide a microscopic view of an energy window which carrrences at the 

neutron separation energy and can extend up to as llllch as a few MeV for saxe 

targets. It will becoue clear that such microscopic detail can be of cru­

cial li~ortance for obtaining a proper description of some aspects of the 

nuclear continuum. 

2. THE (n,n) REAGriON 

Al thOu.gh m.1c.h information has been derived from the study of low energy 

neutran induced reactions, the recent availability of facilitiesl) which 

provide high intensities as well as high resolution has opened a whole new 

. vista of possibilities. The first figure .sunmtrizes some of the quant:i.ties 
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HIGH RESOLUTION NEUTRON EXPERIMENTS 

QUANTITIES MEASURED 

• RESONANCE PARAMETERS (Er, yr, r n• r 'Y' etc.) 

• POTENTIAL PHASE SHIFTS 

PROPERTIES DEDUCED 

• NEUTRON STRENGTH FUNCTIONS 

• DOORWAY STATES 

• NUCLEAR LEVEL DENSITIES 

• ELECTROMAGNETIC RADIATIVE STRENGTH 
(E1, M1, E2) 

• OPTICAL MODEL PARAMETERS 

Fig. 1. Sc:>roo uses of high resolution neutron reasurements. 

that can be detenni.ned from high resolution neutron measurements •. These 

include resonance energies (ET), spins and ptrities. (J1T) neutron widths 

(rn), radiative widths (r y), non-rel5()nance phase shifts, etc. From these 
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measured quantities it is possible to deduce information pertaining to 1) 

neutron strength functions, 2) intermediate structure, 3) electromagnetic 

radiative strengths, 4) nuclear level densities and 5) optical model 

paramater5. Although each of these topics has been around for a ra. ther long 

period, the availability of quantita-

tive data to examine them has been ORNL·OWG 80·10503 
~0.----v--+-~----~----~---. 

sarewha t lacking. Furthe:rrrore, as v.e 40 

shall see, most of these are still of ~ 30 

current theoretical interest. This 

point will be examined by looking at 

D e 
b 20 

10 

206pb + n L=t 
t=1 

.L=2 

t.L=2 

the results of sana recent high reso­

lution neutron transmission and dif­

ferential elastic scattering measure­

ments performed at the Oak Ridge 

Electron U.near Accelerator (ORELA). 

The only experimental details that 

will be given here are that the elec­

tron burst width was approximately 

800~ ~==::::::::==t=:::=====~===::===~ 
6000 206pb (n, n) 

4000 

2000 

coog ;==::::::::=t==:===~==::=====: 

5 ns and the neutron flight path was 
200 meters. 

Figure 2 shows sooe typical total 

and differential elastic scattering 

data2) for a target of 206Pb. The 

data were analyzed using canputer 
codes3)4)5) based upon ~trix 

theory.6)7) For resonances which 

have neutron widths canparable to or 

4000 

145 
En (keVl 

150 

greater than the experimental resolu- Fig. 2. Total and differential 

tion, resonance parameters can be elastic cross sections for 206pb + 

determined with confidence. The peak n for En = 120-155 .keV (from 

cross section is sensitive to the reference 2) • 

resonance spin, and the shape is a 

signature of the angular rrpnentum transfer. The resonance at 146 keV is 

clearly an s-wave because of its large interference pattern in the total 

cross section spectrum. Examples of p- and d-waves are also indicated in 
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the figure. As. c8.n be seen, there: is a clear distinction between the beha- ' 

vior ~f the shapes of resorui.nces which involve s-, p- or dwaves. Higher 

angular momentum transfers neect not be considered at these energies, ·as 

their l:ienetrabilities are relatively sna.ll. Note that at ~125 keV there is 

a closelying doublet (p- and d-wave) as well as at ~140 keV (d-and p-wave). 

From these data, it has been clearly shown2) that rrost of· the radiative 

strengh at these energies consists of El radiation rather than Ml which had 

been reported B) fran a ( y, n) study at JX)Orer resolution. The solid curve in 

the total cross section spectrum is a result of a least squares fit to the 

data. The solid curves in tqe differential scattering spectra are calcula­

tions using the p:~..rrureters detennined from that fit. To date, the data have 

been analyzed up to a neutron energy of ....eoo keV with canparable results, 

and parrureters have been detennined for approximately 400 resonances. 

Iborway States 

In .Fig. 3 is shown a plot of the sum of the reduced neutron widths for 
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Fig. 3. Plot of the sum of the reduced neutron widths for s-wave resonances 

versus neutron energy. 
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s-waves versus neutron 
ORNL-OWG 78- t975t 

· energy .• The strength func­

tion is given by the slope 

of the curve. The change 

in the s-wave strength 

function in the vicinity of 

400 keV (which is ccmron to 

a number of lead isotopes) 

was first reported by 

Farrell et al.9) and sug­

gested as a ccmron doorway 

state which has been 

describedlO) in terms of a 

(2g9/2• 4+) particle-core 

30r-----.------r-----.------~-----,-----, 

, excitation by Beres and 

Divadeenam. Similar plots 

for the p-wave arid d-wave 

strength functions are 

sho.vn in Figs. 4 and 5 

206pb + n 

-~20 1a.t 

'-
... lO 

20 
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+ ... 
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.~ 
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respectively. Doorway sta- Fig. 4. Plots of the sum of reduced neutron 

600 

tes are seen to occur at widths for p-waves versus neutron energy (fran 

-40 keVin the Pl/2 channel reference 2). 

and -145 keV in the P'.3/2 

channel. The ~d .strength in these p-wave doorway states is ~ 

parable to that found for analogous doorway states observedll) in the 207pb 

+ n reaction. These doorway states have been suggested2) to arise fran a 

(3d5/2•3-) particle-core excitation. Most of the 3d5/2 single-particle 

strength in 207pb is kno.vn12) to be concentrated within· a few levels 

located near 4.39 MeV. As can be seen from Fig. 6, the p-wave doorways 

occur at an excitation energy that is within about 200 keV of the sum of the 

energies of the 3d5/2 strength (4.39 MeV) and 3- core excitation (2.65 MeV). 

Furthernnre, the ratio of the strengths within the doorways agrees very well 

with the square of· the ratio of the respective 3-j symbols cb -1/~ i;2)· 

Separate plots of the d3;2 and d5;2 reduced widths show a concentration of 
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strength in the 180 ..... t 

viciiiity of fn= 350-400 
-~-

IGO 206Pb + n 
--.·-· ~ 

keV. These doorway sta- .t=2 
140· J=3/z 

tes have been interpre-

ted as a.J.so being due to 120 ,J 
the (2gg/2•4+) particle- ~ 100 e"',p 

0 

core coupling which can Nc 8 ... 80 0 

w 0 

ooo 

give rise to levels with J 
60 <iJ 

spins ranging from J = 
1/2 - 17/2. It might be 40 

00 
6>0 

recalled that the basis 20 

of the "doorway state" 

formalismsl3) dates back 

to the early 1960's. 
J = 5/z 

Even with the abundance 
; 

of neutron data gene- ~ 
NC 

rated thus far, the ... 
w 

number of cases for 

which doorway states Q)O (b) 
<SZXJ:DoeaSI 

have been obser.ved in 0 
0 100 200 300 600 700 BOO 900 

neutron scattering is En ( keV) 

rather rreager. 

Fig. 5. Plots of the sum of reduced neutron widths 

for d-waves versus neutron energy. 

The importance of observing and understanding pu-ticlEr<;orfl P.Xf'.i tR tiono 

thn.t lie lu ll1~ nuclear continuum is still an open question. We note that 

for 207,208pb the (3d5; 2 ,3-) particle-core excitation can lead to levels 

with the sarre J'lr which is involved in M1. transitions, and the excitation 

energy lies within 1-2 MeV of the i11;2ii~;2 particle-hole excitation. 

M1. Strength in 2 o 7 , 2 o 8pb 

As already noted above, the high resolution· which can be achieved at 

ORELA has proved instrumental in helping to clarify the question of M1 

strength in 2 o 7, 20 8pb. During the ptSt few years this work has 

shown11)14)15) that llRny of the resonances in 207pb + n that had been 
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reported to have large M1 

. radiation widths have in 

fact J'lr = 1-· Cbncur-

rently, photoneutron. · 

polarization IJEasure­

ments16)17) were doing 

likewise. Brief SUilllR­

ries of the demise of 

most of the pl.trported 

M1 strength in 2 o 8pb Ca.n 

be found in references 

18) and 19) ~ O:lly the 

status of a level near 

8.0 MeV (Eo::::::616 keV) 

which had been 

. reported16) to have a 

large M1 radiation width 

will be discussed here. 

Total and differential 

elastic scattering cross 

sections for En = 600-625 

keV are shown15) in Fig. 

7 where eleven resonances 

are identified. Resonan­

ces with large d-wave 

neutron width are con-
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6.74 Sn· 

3;2+ 5.20 d3/2 

4.63 s,/2 

5;2+ 4.39 d5/2 

2.73 g9/2 

2.66 f -1 
2.62 

(3-x p
112

) 

o:o 
207Pb 

Fig. 6. Partial energy level diagram for 207pb. 

fidently assigned on the basis of their interference minima at 90° and 

enhanced peak cross sections at 150°. R-matrix fits to the data showed the 

606-keV resonance to be an s- and d-wave admixture, and the 616-keV reso­

nance to be ai.roost pure d-wave, both with J1T = 1-. Only two peaks were 

oh:ierved in the ( y, n) reaction in the same energy interval. The resonance 

at 606 keV was properly identified as 1-, while a 616-keV resonance was 

assigned as ~+ based upon the interference observed in photoneutron polari­

zation IJEasurerrents16). However, when the results of the high resolution 

neutron IIEasurerrents were combined with the photoneutron angular distribu-
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tion20) and polariza­

tion16) data, it was 

found15) that little if 

any M1 radiation could 

be present in the vici­

nity of the 616-keV 

resonance. Furthermore, 

it was observed that the 

photoneutron data could 

be fit al!wst as well by 

assuming a nearby reso­

nance at 616.8 keV 

(shown to involve t 1) 

had .J11 = 2+; i.e., E1 + 

E2 interference can lead 

to .s~lar photoneutron 

polarizations as E1 + M1 

interference. Histori­

cally, it was after such 

lengthy analysis was 

completed, that a (n,y) 

measurarent was rrade at 

ORELA using a neutron 

flight path of 150 
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2 
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600 

Fig. 7. 

605 610 615 

E0 (keV) 

620 625 

Tbtal and differential elastic scatter-

meters. A comparison ing cross sections for 207pb + n near En= 600 keV. 

between -the (n,n) 

and (n, y) spectra for the energy· interval 608-625 keV is shown in Fig. 8. 

where the energy correspondence of the resonances under discussion is 

clearly evident. Furthermore, this figure clearly confirms the above 

conclusions that the preponderance of ground-state radiation in the ·vicinity 

of 616 keV is associated with the 1- resonance. 

The experinrental status of M1 strength in the unboi.md region of 2.08pb is 

as follows: Between 7.384 and 7.993 MeV there are appro:X.:inately thirty~four 
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1+ resonances11)14) 18) which have 

I:B(Ml).r = 2.6 ~2. Above 8.4 MeV, 

photoneutron polarization work21) 

has suggested additional M1 

strength hi.sed upon the observation 

of neutron polarization at 90°. 

However, as noted above, El-E2 

i~terference ean also give rise to 

such polarization, hence care must 

be. exercised in drawing conclusions 

about the presence of Ml radiation 

fran such neasureroonts. In the 

bound-state region there is a 

state22) at 7.279 MeV with B(Ml).r 

0.17 ~ 2. Strength associated with 
a state at 4.83 MeV has recently 
been questioned.23) 

The experinental situation in 

the unbound region of 2 0 7pb is l!Dre 

difficult to ascertain. However, 

sarething can be said about a quan­

tity which is proportional to the 

ground-state radiative strength, 

i.e., (gyryorn)/r. This is shown 

in Fig. 9 where the solid histogram 

is from a (y,n) study8) and the 

dashed histogram represents the 
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Fig. 8. Cbrnparison of 207pb + n and 
207pb(n,y) in the vicinity of the 616 

keV resonance. (From unpublished work 

at ORELA.) 

rrodified values hi.sed upon the ORELA (n,n) neasureroonts. It would be desir­

able to have higher <Iuality photon data for 207pb so as .. to be able .to dete~­

mine absolute strengths and to make a comparison to Ml strength in 208pb. 

Nuclear Level Lensi ties in 2 o 7pb 

Before leaving the topic of (n,n) neasureroonts, a few.words will be 
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devoted to another old 

topic, i.e., nuclear 

level densities whose 

knooledge is important 

for an understanding of 25 

sp~~ng widths of 

20 

~ 
t.. 

' 15 t..r: 

~ 
t.. 

>-.. 
C> 

lO 

5 -.----,.---

giant resonances. 

Although it is usually 

asswred that nuclear 

level densities can be 

expressed24) in terns of 

a relation which has a 

(2J+l) dependence and is 

independent of parity, 

quantitative data with 

which to test these 

hypotheses is somewhat 

lacking. The StUD of the 

s-, p- and d-wa ve. res&-
0 L-~--~--~--~~--~--~--~~--~ 

0 200 . 400 600 800 . 1000 

nances, respectively, En (keV)' 

for 206Pb + n are plot-

ted as a function of Fig. 9. Relative M1 strength fran 207pb(y,n) 

neutr<?n energy in Fig. reaction (solid histogram as m:xiified by 2 07pb + n · 

10. The s-wave data work (dashed histogram). 

have been canpared with . 

a constant temperature m:xiel where the density of levels with.given JW 

was taken as 

where Ex.= So + E, the neutron separation and kinetic energy, respectively, 

and k and T are constants. Values of k and T were dete~ned fram fits 

(dashed curve) to the s-wa ve data. These were then used to calculate the 
': 

,·, 



number of p- and d-wave resonan­

ces, respectively, and the 

results are shCfNll as the dashed 

curves in· Fig. 10. The fairly 

good agreem:mt between the cal­

culated and experimental curves 

for the d-waves is interpreted 

as an indication of the (2J+1) 

dependence of the level density 

formula. The overabundance of 

observed p-,wa ves is interpreted 

as implying a parity dependence. 

Efforts are being made to deter­

mine whether or not shell model 

calculations can :reproduce the 

observed level densities. 

3. The (p,n) Reaction at 

Intermediate Energies 

The availability of the 

beam swinger25) at the Indiana 

University Cyclotron Facility 

(IUCF) has provided a signifi­

cant new tool for studying 

highly excited states. This 

section will be devoted to a 

discussion of recent work per-
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/J= 2 

J=~. 5f/ 

100 200 300 400 500 600 700 800 900 
En (keV) 

Fig. 10. Plots of the eumulative number 

of s-, p- and d-wa ve resonances (top to 

bottom, respectively) versus neutron ener­

gy for 206pb + n reaction. The dashed 

lines represent calculated curves using 

taining to the search for analo- a constant temperature model for the 

gue resonances of M1 transitions level densities •. 

and giant spinflip resonances• · · 

It is interesting to note here also that the· theoretical ground work was 
already iili tia ted in the early 1960's. . (One could even argue 1939. 26) ) • 

Kawai et al. 27) explored the effects of· the spin-isospin interaction for the 

inelastic scattering of high energy protons, and Ikeda and coworkers28) 
postulated the existence of a giant Gamow-Teller (GT) resonance and pointed 
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out its accessibility via 

the (p,n) reaction. 

/ 

/ 
/ 

/ 
/. 

I 
/ 

/ 

/ 
/ 
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ORNL- ~Vf'G 89~.,.1049? -

1+. T0 :t.1. 

/ 

Tc) 

The states expected to 

be excited in the (p,n) 

reaction by 1::.9. = 0 transi­

tjons are schematically 

illustrated in Fig. 11 

where the dashed lines 

connect isobaric analogue 

states. Also sho.vn are 

the M1 states in the 

target nucleus. The M1 

opera tor can be expressed 

as the sum of. two te:rms, 

one of which is isospin 

independent (isoscalar) 

and the other isospin 

dependent (isovector). 

To+ 1 1
1 · GT 

The isoscalar component is 

proportional to 

M4 
(isov l 

' 

M4 

(is~s) ISOV 

To I 

I 
I 

I 
I 

1 
I 

I 
I 

I 
I 

I 

-, ~: .. 

lAS 

I 
I t To·-1 

/ 1+ T0 -1 
I .,.;._..,.----~-

Z+1AN-1 

T,;T3 =T0 -1 

Fig. 11. Fermi and Gamow~Teller states that 

can be p:>pulated in the (p,n). reaction at sm.ll 

~ (1/2 ~ ai + 1/2 ti], angles. 
~ 

nnd the isovector part to 

(Mlhsov :::: ~ ~ 13 (1/2 1.1.:.. Oi - 1/2 tiJ, 
~ 

where 1/2 1.1+ = 0.44 run and 1/2 1.1- = -2.35 run, respectively. The isoscalar 

component can only give rise to transitions for which t:.T ~ 0, wh~reas the 

isovector component can give rise to transitions for both t:.T = 0,1. Because 

1.1- is considerably · larger than. 1.1+, isovector transitions are expected ,to 

daninate. The level labeled GT represents the giant Gr-resonanee. predicted 

in reference 28) •. As seen in Fig. 11, the (p,n) reaction can cause 
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transitions to an isospin.multiplet in the final nucleus·whep the isospin of 

the target (i.e., T0 ) is nonzero. The relative cross sections to these sta­

tes will..be proportional to the squares of isospin Clebsch-Gordon coeffici­

ents. For the states with (T0 -1, T0 and (T0 +1) these are (2T0 -1)(2T0 +1)-1, 

(T0 +l)-1 and [(2T0 +1)(T0 +1)]-1 , respectively. Thus, for target nuclei with 

large T0 , one should minly observe states in the final nut:leus with isospin 

'I.=(T0 -1). 

Calculations of the (p,n) reaction in tei'IlE of the nucleon-nucleon (N-N) 

interaction at intermediate energies hav~ been mde _by a number27)29)30) of 

authors. The isospin dependent part of the effective interacti9n is quite 

complicated and includes the following terms: central, spin-spin, spin-orbit 

and tensor-spin in_all multipoles. However, for the distorted wave impulse 

approximation (DIA) in the limit of zero momentum transfer, .only the 6! = 0 

tei'!lE survive and the contributions from spin-orbit and .tensor-spin are 

unimportant.29)30). The zero degree cross sections can be expressed:31) as 

where ll is the reduced IIRSS, kf and ~ the wave numbers for tt:t~ .neut_ron aJ?.d 

proton, respectively, ~and J.i(f, are distortion factors, J, and .. J 0 , .¥e .. th!'! 
volurre integrals (for q = 0) of the spin-independent ( , 1 • '2) an~ spin-. . '- . 

dependent (cr1•cr2'1"'2) parts.of the isovector central terms including ~he 

contribution from knockout exchange, and <F> and <GT> are Fernri. and Ganov­

Teller rmtrix eleroonts. The latter are given by 

and 
~ . ; 

~ '. 

. ; 

Note that <GT>. has the same form .as· the spin. dependent_I~.rt of :the isq.vector 

M1 operator. -The distortion faca tors are given by the ratio. of . the calcu­

lated distorted-wave .. to plan~wave cross ~tions !')valuated at e = 0°, •. ·. 
·,}. 

·.·1 
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Goodman et al.31) have 

measured· zero degree cross 

sections at Ep = 120 MeV 

for a number of light ele­

ments for which the Fermi 

and ar llB.trix elements were 

known fran beta decay. 

Fran these data and calcu­

lated values for the cor­

responding distortion fac­

tors they deduced values 

for the volwre integrals 

I JT I = 89 MeV-fm3 and 

I J
0

, I = 168 MeV-fm3. These 

agree within about 15% with 

the respective values 

calculated29) by love. A 

further prediction of the 

calculations29)30) is t~t 

C\1 -.... -
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2 

0 
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150 200 
.E (MeV) 

I J 
0

, I renains relatively Fig. 12. Energy dependence of I t0~ /tT I 2 for 

constant between Ep = Ep = 100-200 MeV (fran reference 29). 

100-200 MeV, whereas I J-r I decreases in value (see Fig. 12). This feature 

can be utilized to distinguish between ~S = 0 and ~S = 1 transitions. 

A time-of-flight spectrum for the 208pb(p,n)208Bi reaction at Ep = 120 

MeV is shown in Fig. 13. The experimental energy resolution here is about 

0.67 MeV. CXle can see a sharp peak sitting on top of a broad peak near 15 

MeV. The sharp peak corresponds to the lAS of .the 2 08pb g.s., while the 

broader peak which lies about 0.4 MeV higher in excitation is the giant ar 
resonance. The peak labeled 7. 5 MeV lAS is believed to correspond· to the 

analogue of the M1 radiation identified at OOELA. This assignmant is llB.de 

on the basis of .energetics as well as its cross section relative to that of 

the ar, which is comparable to the ratio of the squares of the CG coef­

ficients for T = T0 and T = T0 -1. The peak labeled 9.2 MeV lAS(?) might 

correspond to the analogue of other M1 radiation in 208pb. Figure 14 shows 
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Fig. 13. Neutron ti.Jre of flight spec­
trum for 208pb(p,n)208Bi reaction at 
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Fig. 14. Neutron ti.Jre of flight 

spectra ate= 0.2°, 5.0° and 9.9° 
for 208pb(p,n)20SSi reaction at 

Ep = 160 roov. 

spectra for the same reaction at 160 MeV. At this energy the cross section 

for exciting the GT relative to that for exciting the g.s. IAS is gre.atly 

enhanced. Our experi.Jrental enhancerrent .is comparable (although sarewhat 

SIIB.ller) than that predicted by Love.29) Fran our prel;iminary data it 

appears that the spin-independent potential does not decrease with 

increasing proton energy quite as rapidly as the calculations indicate. 

In the 5.0° spectrum one observes a new peak at Ex ~22 MeV. This peak has 

an angular distribution similar to a peak at Ex = 2.8 MeV. Figure 15 sho.vs 

the differential cross sections for the g.s. IAS, GT and Ex = 2.8 MeV 

resonances. The IAS and GT clearly involve 69. = 0 and the latter u = 1. 
-1 

The 2.8 MeV resonance is identified as the hg/2i13/2 I 2- proton particle-

neutron hole state previously suggested32) by Alford et al. 
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Figure 16 shows spectra at a number of 

angles for the same reaction but at Ep = 
200 MeV. Here the g.s. lAS is completely 

daninated by the GT and it is not obvious 

that v.e will be able to extract its cross 

ocction a.t this energy. The t:.R. = 1 reso­

nance is clearly seen to peak about 4.5° 

beyond the GT. In 90Zr(p,n) at Ep = .120 

MeV, a t:.R. = 1 resonance was observed33) at· 

Ex = 17.9 MeV. This is shown in Figs. 17 

and 18. It ~ been suggested33)34) that 

these high lying t:.R. = 1 resonances are the 

T = T3 members of a 1- isospin multiplet, 

of which the analogue of the GDR would be 
the T = T3+1 rrember. However, J = 0 or 2 

cannot be excluded. TI1e cross section 

for excitation of this resonance in the 

208pb(p,n) reaction .behaves similarly to 

that of the GT as a function of Ep, and 

thus has been identified34) as a t:.R. = 1, 

t:.S = 1 transition. In 208Bi, e.g., this 

resonance can be thought to contain proton 

particle-neutron hole states of the type 

J15/2il§/2• i13/2hli/2• etc. Recently 
data have been obtained at Ep·= 200 MeV 

for a series of targets ranging from 

lithium to lead. The t:.R. = 1, t:.S = 1 reso-
nance seems to be CO!IIIOn tO rrost targets. 
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Tine-of-flight spectra at e = 4.3° for Fig. 16. Neutron tine of flight 
90zr, 112Sn, 124Sn, 169Tiffi and 208pb are 

shown in Fig. 19. It is clear from this 

figure that the location of the t:.R. = 1 

peak occurs at nearly the same channel 

in the tine of flight spectra for 

7.0°, 9.5° and 12.8° for the 
208pb(p,n)208Bi reaction at 

Ep = 200 Mev: 

each target which indicates the Q values are similar. If the interpretation 

of this resonance as a T = T3 member of a 1- multiplet (of which the analo-
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Fig. 18. Differential cross sections for r-esonances observed in the 

90zr(p,n)9~ reaction at Ep = 120 MeV. 

gue of the GDR is the T = T3+1) member is .oorrect, one might expect the Q:.. 

values to be given approximately by 

Q(l-)T=T3 ~ Ec + EGDR - E~T· 
. . 

where Ec is the Cbulomb displacement energy, EGDR is the excitation energy 

of the GDR in the target nucleus, and E~T is the energy of the isospin 

splitting in the-residual nucleus. One can use the isospin splittings found 

for 90zr33) and zoapb34) to find E~T -40(N-Z)/A and show the above rela­

tionship to be approximately so. From the zirconium and lead data though, 

it appears that E~T is not linearl~ related to (N-Z)/A. 

Ikeda et al.28) predicted that the energy differ.ence between the giant 

GT resonance and the g.s. lAS would be approximately proportional to 
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(N-Z) I A, where the proportionality factor is a function of angular nom:mtum 

coupling coefficients, an average of radial matrix elements between 

neutron hole-proton particle StateS, and ORNL.·DWGB0-10492 

the Strengths Of the ·reSidual interac- 900 
(p,n) TIME OF FLIGHT SPECTRA 

E0 = 200 MeV 
tions in singlet and triplet spin s= 4.3" 

states. There are also other 

sillplifying assumptions involved, but 

they will not be detailed here. The 

sane work is als"a applicable28) to a 

t::.R. = 1, t::.S = 1 resonance for which the 

energy spacing from the g.s. lAS would 

also be approximately proportional to 

(N-Z)/A. Altho;ugh the data are only in 

the preliminary state of analysis, the 

energy differences between the GT and 

t::.R. = 1, t::.S == 1 resonances and the g.s. 

lAS are plotted against (N-Z)/A in Fig. 

20. Both sets of data (with the excep­

tion of the 9~ point for the t::.R. = 1 

resonance) seem to be described by 

straight lines which are nearly 

parallel. The GT data can be approxi­

mately fit by the relation 

EGT- ErAS= -30.0(N-Z)/A + 6.7, 

and the t::.R. = 1 da. ta by 
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Et::.t=i ~ ErAS = -33.0(N-Z)/A + 13.6, Fig. 19. Neutron tilre of flight 

spectra at 4.3° for the (p,n) 

where the constants are in units of MeV. reaction at Ep = 200 MeV for ·· 

Now the coefficient of (N-Z)/A is l:llsi- targets of 90zr,. 112Sn, 169rfui, 

cally what Ikeda et al. have calculated. 121tSn and 2 08pb. 

In an extremely simplistic picture, it·: 

is just the energy. sepa.ra tiori between the singlet spin (e.g. , the lAS with 

JU = o+, s = 0) and triplet spin (e.g., GT with JU = 1+, s = 1 involving the 
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Fig. 20. Plots of (~rErAS) and (Ef1.t=l-ErAS) versus (N-Z)/A. The. data 

for 92,9'+Zr are fran .reference 36). 

same R.j as for the IAS) states without the effects of spin-orbit splitting. 

With the Rosenfeld admixture of vs = 2/3 vt, the work of Ikeda et al. would 

predict this coefficient to have the value (-30. 7). The value of the 

: constant in the expression for ~rErAS would then oo thought to represent 

an average spin-orbit energy. Similar comments can be made pertaining to 

the expression for Ef1.t=l - ErAS· Here, the constant also includes the 

energy splitting between .t-shells. 
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In Fig. 20', the Et.R.=1-ErAS energy for the 9 ONb is seen to be fairly high 

aoove the line. This also holds for the t.R.=1 resonances ohserved in 

92, 9'+Nb. This can probably be understood in terms of the shell m:xiel, where 

the number of particle-hole pairs which_participate in the niobium isotopes 

is nore limited and could have on average a higher energy splitting between 

t.R. = 1 shell states. 

The question of the spin of this new t.R.=1, t.S=1 resonance remains open. 

The nost probable choices are r or z-. A r(2-) would suggest the 

existence of a collective E1 (M2) spin-flip type resonance. Both possibili­

ties are interesting, and additional work is required roth experi.Jrentally 

and theoretically to investigate the alternatives. 

Transition Strengths 

The mea$Ured (p,n) cross sections also yield information concerning 

various transition strengths. It is usually 8SS\.1100d that the Fenni strength 

is exhausted in tne g.s •. isobaric analogue. The sum rule strengths for 

Fenni and Gr transitions ~ be expressed as 
.Spn(1) - 8np(1) .= (N-Z), 

and 

Spn(o) - Snp(o) .= 3(N-Z), 

respectively. Here, Spn repre$ents the sum over all final states of <GT>2 

(or <F>2) for the (p,n) reaction, and Snp the analogous tenn for the inverse 

reaction (or f3-decay). Nuclei with A >90 usually have large neutron 

excesses, and thtis small values of Snp(o) because the higher neutron shells 

are already filled. (This same c.ondition is also· responsible1\3). for Ca.using · 

the ohw Mi states in a target like lead to have IIB.inly T = T3.) Hence·, one 

would expeet Sp~(o) ~3(N-Z) for such nuclei.. For 90zr(p,n) a value of 

r<GT>2 ~11 has been found.33) The 208pb data were analyzed by utilizing 

the values found for· the volune integrals ·in reference 31) and <F>2 = ·44 tb 

first detennine ~· Otlculations indicate that ~/tf&T ...o.s, and this rela­

tion was used to deduce ~T = 0. 059. Using this value of ~T and I J 0 , I 2 = 

168 MeV-fm3, the ar strength to the Ex = 15.6-MeV resonance in 208Bi was 

detennined as <GT>2 .-.48. Ikeda28) calculated that aoout 90% of the sum rule 
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strength should be located in a <GT> resonance with a width of -5 MeV near 

the g.s •. lAS. Our results are in reasonable agreaoont with those calcula­

tions, .and seem to disagree ~th the .suggestion35) that the ar strength 

should be.highly fragmented in heavy nuclei. Almost all of the targets 

studied sh~ a localized GT resonance (see, e.g., Fig. 19). Inclusion of 

the l~er lying t::.R. = 0 cross section and reduction of "asSlllred" blck.grounds ... 

for the 208pb(p,n) could raise the "observed" GT strength to about 65% of · 

the limi. t. · A final canparison of the fraction of GT sti·ength. observed nust . 

await further analysis of the abundance of data which n~ exists. It is 

important to resolve thi~ question (because most of the strength goes. to the 

T=T0 -1 states) if one hopes to use the (p,n) reaction to dectuce B(Ml) values 

for the target nuclei. As previously noted, the (p,n) reaction blsically 

is a treasure of the isovector Ml. strength. The relationship ootween. an Ml. 

transition to a level I f> with (T, T0 ) in the target nucleus and .the Gr . 

transition to its isobaric analogue If'>= NrT-1 f> with (T,T0 -1) is 

given:by 

for T' = T0 or·T0 +1, respectively. If one uses the tare mgnetic IIX:llrents 

for the proton and neutron, the observed cross section for the suggested lAS 

of the Ml. strength in 2 0 8pb near 7. 5 MeV would give B(Ml).!. considerably 

larger than the 2.6 Jlo2 (i.e. -19 ~02) found in the ORELA work. (If one 

were to use a quenched nagnetic IIX:llrent of -o.6 nm, the swn of the Ml. 

strengths for the 7.5- and 9.2-MeV resonances would just about exhaust the 

M1 swn rule.) There is as yet no justification for using such a rela­

tionship to extract B(Ml) values fran oor (p,n) data, and the numbers above 

are only given to exhibit sana of the problems and are not to oo taken 

seriously. Much a.ddi tiona! work is necessary in order to obtain a detailed 

under-standing of the problems involved oofore one will be able to quantify 

with confidence the ar strengths deduced from the (p,n) data for tredium to 

heavy mss targets. 

Even though the data are not yet fully analyzed, it is already apparent 

that the (p,n) reaction at inte:rmadiate energies can be expected to yield a 

-245-



wealth of new info:rnation. This will include the systenatics (i.e., energy, 

width, strength) of the GT, ~i = 1 spinflip and most likely other resonan­

ces, angular distributions, etc. From these one should. be able to learn 

details of the effective nucleon-nucleon interaction, info:rnation pertaining 

to collective spin oscillations, microscopic nuclear wave functions, and 

prrhaps electromagnetic strengths. Studies using deformed targets such as 

1·6~ will no doubt add other features. Hence, the future looks bright for 

the "new" technique as a rreans to solve "old" as well as new problens. 
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