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ABSTRACT

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 observéd in neutron
scattering has been instrumental to an understanding of the distribution of
ML strength in 207,208Pb., Some recent results of (p,n) studies with inter-
mediate energy protons are discussed. Energy systematics of the giant

. Gamow-Teller (GT) resonance as well as a new Ag =1, AS =1 resbna.nce with
J" = (1,2)" are presented. It is shown how the (p,n) reaction might be
useful to locate ML strength in heavy nuclei.

1. INTRODUCTION

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 'problerrs, 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 main empha.s‘is will be upon aspects of the da_ta: and physics, -
rather than the experimental details. The neutron écattering measurements
provide a microscopic view of an energy window which commences at the
neutron separation energy and can extend up to as much as a few MeV for some
targets. It will become clear that such microscopic detail can be of cru-~
cial importance for obtaining a proper description of some aspects of the
nuclear continuum.

2. THE (n,n) REACTION

Alth'ough mich information has been derived from the study of low energy
neutron induced reactions, the recent availability of facilitiesl) which
pmvideA high intensities as well as high resolution has opened a whole new
-vista of possibilities. The tirst figure summarizes some .of the quantities
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HIGH RESOLUTION NEUTRON EXPERIMENTS

QUANTITIES MEASURED
e RESONANCE PARAMETERS (E_, J7, T, F‘Y' etc.)
- ® POTENTIAL PHASE SHIFTS

PROPERTIES DEDUCED

e NEUTRON STRENGTH FUNCTIONS
DOORWAY STATES
NUCLEAR LEVEL DENSITIES

"ELECTROMAGNETIC RADIATIVE STRENGTH
(E1, M1, E2)

e OPTICAL MODEL PARAMETERS

Fig. 1. Some uses of high resolution neutron measurements. ]
that can be determined from high resolution neutron measurements.. These
include resonance energies (Ep), spins and parities (J7) neutron widths
(ry), radiative widths (I‘Y), non-resonance phase shifts, etc;._ From these
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measured quantities it is possible to deduce information pertaining to 1)
neutron strength funcfions, 2) intermediate structure, 3) electromagnetic
radiative strengths, 4) nuclear level densities and 5) optical model
parameters. Although each of these topics has been around for a rather long
period, the availability of quantita-
tive data to examine them has been
samewhat lacking. Furthermore, as we

ORNL-DWG 80-10503

shall see, most of these are still of
current theoretical interest. This

point will be examined by locking at
the results of some recent high reso-

oy (barns)

lution neutron transmission and dif- . 206pp (n, n)
ferential elastic scattering measure- . ‘ 8 =39°
ments performed at the Oak Ridge :
' Electron Linear Accelerator (ORELA).
The only experimental details that

will be given here are that the elec-

tron burst width was approximately
5 ns and the neutron flight path was
200 meters.

da /il (relative)

Figure 2 shows some typical total
and differential elastic scattering
data2) for a target of 206pb, The
data were analyzed using computer
codes3)4)3) pased upon R-matrix

theory.6)?) For resonances which : 120 125 ' 140 145 150 155
: En (kev)

have neutron widths comparable to or _
greater than the experimental resolu- Fig. 2. ‘Total and differential

tion, resonance parameters can be elastic cross sections for 206pp +
determined with confidence. The peak n for E, = 120-155 keV (from
cross section is sensitive to the reference 2).

resonance spin, and the shape is a
signature of the angular momentum 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 can be seen, there 'is a clear distinction between the beha-
vior of the shapes of resonances which involve s-, p- or dwaves. Higher
angular mrr'e'nturﬁ'transfers need not be considered at these energies, as
their ﬁenetrabil’ities ‘are relatively smll. 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 shown?) that most of the radiative
strengh at theseb energies consists of El radiation rather than ML v}hich had
been reporteds) from a (y,n) study at poorer 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 the differential scattering spectra are calcula-
tions using the parameters determined from that fit. To date, the data have
been analyzed up to a neutron energy of ~900 keV with comparable results,
and parameters have been determined for approximately 400 resonances.

Doorway 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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"energy. The strength func- 30 T T T T T

~a number of lead isotopes)

.excitation by Beres and ' s+

S-waves versus neutron

ORNL-OWG 78-19754

tion is given by the slope

Irhtev)

of the curve. The change
in the s-wave strength

function in the vicinity of 30 T T T T ‘
400 keV (which is common to 20| »3.9x407° |

EC}tev)

was first reported by o ! I L 1 1

Farrell et al.?9) and sug-
gested as a cammon doorway
state which has been

described!®) in terms of a
(289/2, 4%) particle—core

ZeThievist2ien
o
T

Divadeenam. Similar plots

. 1 1 1 1 1
for the p-wave and d-wave o 100 200 300 . a0 500 600
Enlkev)

strength functions are

shown in Figs. 4 and 5
respectively. Doorway sta- Fig. 4. Plots of the sum of reduced neutron
tes are seen to occur at widths for p-waves versus neutron energy (from

- ~0 keV in the py/p channel reference 2).

and ~145 keV in the p3 /2 ‘

channel. The summed strength in these p-wave doorway states is com-
parable to that found for analogous doorway states observed!l) in the 207pp
+ n reaction. These doorway states have been suggestedz) to arise from a
(3d5/2,37) particle—core excitation. Most of the 3dg /2 single-particle
strength in 207Pb is knownl2) to be concentrated within a few levels
located near 4.39 MeV. As can be seen from Fig. 6, the p-wave doorways A
occur at an excitation energy that is within about 200 keV of the sum of the
energies of the 3ds /2 stmngth (4.39 MeV) and 3~ core excitation (2.65 MeV).
Furthermore, the ratio of the strengths within the doorways agrees very well
with the square of the ratio of the respective 3-j symbols (% _5-;1//22 31 /2).
Separate plots of the ds /2 and dg /2 reduced widths show a concentration of
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strength in the 180 T — T T T T T ]
vicinity of E, = 350—400 ) f60 | 206py,, o ]
keV. These doorway sta- .. -. £=2 %
- 140.— =3 -
tes have been interpre- s . ffé
cod® —]
ted as also being due to ol R 0
the (289/2,4+) particle- 3 100 |- £ .
core coupling which can Nh: 80 - eo; —
give rise to levels with , wmom
60 -
spins ranging from J = . A
1/2 - 17/2. It might be Ve e |
recalled that the basis - G
of the "doorway state" olese 0 11111
formalisms!3) dates back T T T T T ;y
o~ ' 100 — £=2 : -
to the early 1960's. V=% ‘ F
Even with the abundance _ 80 _ o fsf —
of neutron data gene- 3 o & |
R NC . — ﬁo
rated thus far, the W M .
40 — —
number of cases for o
a® ]
which doorway states o= eomod @ ° » ()
&
have been observed in - olwacl 111 1 1L I

O 100 200 300 400 500 600 700 80O 900 '

neutron scattering is E,(keV)

rather meager. .
Fig. 5. Plots of the sum of reduced neutron widths
for d-waves versus neutron energy. .
The importance of observing and understanding partiple;core excitationo
that lie in Ue muclear 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 same J7 which is involved in Ml transitions, and the excitation
energy lies within 1-2 MeV of the ijq /211%;, /2 particie—ho_le excitation.

ML Strength in 207.,208pp

As already noted above, the high resolution which can be achieved at
ORELA has proved instrumental in helping to clarify the question of Ml
strength in 207.208pb, During the past few years this work has
shownl1)14)15) that many of the resonances in 207pb + n that had been
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-radiation widths have in

reported to have large Ml )
ORNL - DWG 80-40500

fact JT = 1-» Concur- 5/>+
rently, photoneutron.
polarization measure-

mentst6)1?) were doing 214 } 4+
— x99/2

likewise. Brief summa-
6.78 } (37xds,,)

ries of the demise of
most of the purported ___________371_51\_'___
Ml strength in 208Pb can

be found in references 5.20 /2
18) and 19). Only the _\ /4 63 Si/2
status of a level near \__./439 d5/2

8.0 MeV (E,=616 keV)
9/+ . q
which had been /2 273 Y2

/2% 2.66 -
. reportedi®) to ha w . § ) 1
repor O have a 50+ 7 > 67 (37 x p1/2)

large Ml radiation width

will be discussed here.

Total and differential
elastic scattering cross ' oot
sections for E, = 600-625 Y2 - 00 V2

_ keV are shown15) in Fig. 207Pb

7 where eleven resonances

are identified. Resonan- v

ces with large d-wave Fig. 6. Partial energy level diagram for 207pb.
neutron width are con- ‘

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 almost pure d-wave, both with J" = 17. Only two peaks were
observed in the (y,n) reaction in the same energy interval. The resonance
at 606 keV was properly identified as 17, while a 616-keV resonance was
assigned as 1% based upon the interference observed in photoneutron polari-
zatlon measurenents16) However, when the results of the hlgh resolution

neutron neasurements were combined with the photoneutron a.ngular distribu-
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tion?o) and polariza- o ' ORNL-DWG 78-63864R
tionle) data, it was

found!®) that little if
any Ml radiation could
be present in the vici-
nity of the 616-keV
resonance. Furthermore,
it was observed that the
photoneutron data could
be fit almost as well by
assuming a nearby reso-
nance at 616.8 keV
(shown to involve g = 1)
had J" = 2*; i.e., E1 +
E2 interference can lead

oy (borns)

to similar photoneutron
polarizations as El + ML

RELATIVE DIFFERENTIAL CROSS SECTION

interference. Histori-
cally, it was after such
lengthy analysis was
completed, that a (n,y)
measurement was made at

600 605 610 615 620 625

ORELA using a neutron £, (kev)
flight path of 150 Fig. 7. Total and differential elastic scatter-

meters. A comparison ing cross sections for 207Pb + n near E, = 600 keV.
between -the (n,n) C ‘ ‘
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 1n the vicinity
of 616 keV is assoqia.téd with the 1~ resonance. ' ’

. The experinientai status of ML strength in the unbound region of 208pb is
as follows: Between 7.384 and 7.993 MeV there are approximately’ thirty=four
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1t resona_ncesll)14) 18) which have “ . ORNL-DWG 80-10499
I T T
IB(M1)+ = 2.6 p,2. Above 8.4 MeV, 2070, 41

FLIGHT PATH = 200m

photoneutron polarization work21)
k-
has suggested additional ML 4 ¢y es0
2 ¢ %
strength based upon the observation 3 L8 j
] &

T

of neutron poiarization at 90°.
However, as noted above, El-E2

interference can also give rise to

) : 0 | I
be exercised in drawing conclusions 1000 T ' T

207pp¢ ny) 4
FLIGHT PATH =450 m

|

3 . |

such polarization, hence care must : |
I

I

about the presence of Ml radiation
from such measurements. In the . 900 = ‘ _
bound-state region there is a ' . % -
state?2) at 7.279 MeV with B(Ml)4 =
0.17 ;2. Strength associated with
" a state at 4.83 MeV has recently

been questioned.23) 700 1% 28 . on £

800

COUNTS
-]

The experimental situation in 00

the unbound region of 297Pb is more
(o)

. 1 | 1
< % 500
samething can be said about a quane 610 e 620

tity which is proportional to the EatheV)
ground-state radiative strength, Fig. 8. Comparison of 207Pb + n and
i.e., (gYI‘YoI‘n)/I‘. This is shown 207pb(n,y) in the vicinity of the 616

difficult to ascertain. However,

in Fig. 9 where the solid histogram keV resonance. (From unpilblished work
is from a (y,n) studys) and the at OREL.A.)

dashed histogram represents the o

modified values based upon the ORELA (n,n) measurements. It would be desir-
able to have higher quality photon data for 207Pb so as to be able to deter-
mine absolute strengths and to meke a comparison to ML strength in 208pp,

Nuclear Level Densities in 207pp

Before leaving the topic of (n,n) measurements, a few words will be

—231—




devoted to another old

topic, i.e., nuclear 30 ORNL-OWG 8O- 10498 -

— 1 T T . T T T 1]

level densities whose
knowledge is important
for an understanding of 25 : o —
spreading widths of
giant resonances.
Although it is usually
assumed that nuclear

20 —

level densities can be

04y . 15 ! _ —
expressed ) in terms of

a relation which has a
(2J+1) dependence and is 10

9y ), T, /T (eV)

independent of parity, .
quantitative data with | -
which to test these 5 |- S -
hypotheses is somewhat ) B ' S
lacking. The sum of the

s-, p- and d-wave reso- O . 200 400 600 800 . {000
nances, respectively, E, (kev)'

for 206pb + n are plot-

ted as a function of Fig. 9. Relative ML strength from 2>°7Pb(y,n)
neutron energy in Fig. reaction (solid histogram as modified by 207Pb + n
10. The s-wave data work (dashed histogram).

have been compared with ' ,

a constant temperature model where the density of levels ~with'given Jm

was taken as ‘ ' ’

o™ = (3 + 1/2)ke" /T,
where Ex' = §,; + E, the neutron separation and kinetic energy, respectiv'ely,

and k and T are constants. Values of k and T were determined from fits
(dashed _curve) to the s-wave data. These were then used to calculate the

LY
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number of p- and d-wave resonan-
ces, respectively, and the
results are shown as the dashed
curves in Fig. 10. The fairly
good agreement 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-waves 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 ekcited states. Tpis
section will be devoted to a
discussion of recent work per-
taining to the search for analo-
gue resonances of ML transitions
and giant spinflip resonances.

ORNL-0OWG 80-9236

50 — T 1T T T T T T 1
206,
Pb+n 7
= . pama s
—— CALCULATED
0= -0 ]
J=ret
20 - ; _
10+ = —
| ] l.
v O [ R N B
W 160 I I I T I I ! T |
z - f
<zl 2=1 -
Z 140 |- _ ol
& J:yz, ?2 //
14 . . -
w 80 : wsﬂ”‘{j’/ -
g 500 -7 .
Tl i ]
n -
. -
S olefk-T1 1 1 1 111
@ 240 T T 1 ] T T T ] ]
=
=)
Z 200 - = . §7
=¥, 5% A
160 — id —
. . //
. 7’
6o — . B T
// :
80 |— . . ‘ _
20 [— —
| ] | | ] | ] |

0
o] 100 200 300 400 500 600 700 800 900
. £, (keV)

Fig. 10. Plots of the cumulative number
of s-, p- and d-wave resonances (top to
bottom, respectively) versus neutron ener-
gy for 206Ph + n reaction. The dashed
lines represent calculated curves using
a constant temberature model for the
level densities..

It is interesting to note here also that the theoretical ground work was
already initiated 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. : ORNL‘QWG'Qof‘°497-
The states expected to : ! To+d.,

be excited in the (p,n) pd

i'eaction by a2 = O transi- . /

tions are schematically / i . TS
illustrated in Fig. 11 ' 7 J
where the dashed lines 1 To+ 1 ,/ Co // e 6T To 1

comnect isobaric analogue ' /"

+
0
states. Also shown are VA /’ . .
the Ml states in the / Sy .
To— 1
target nucleus. The Ml 4 AN 0

IAS To

operator can be expressed _ /

M
as the sun of two terms, lisov) (
one of which is isospin
independent (isoscalar) /
and the other isospin ' /

dependent (isovector) .

The isoscalar component is zAn
T=T3=T,
proportional to 3”0

(Misos ¥ ¥ X Fig. 11. Fermi and.Gamow-Teller states that
can be populated in the (p,n) reaction at smll
¢ [1/2 uy o +1/2 24)], angles.

and the isovector part to

(Ml)isov ® ? w3 [1/2 ul of - 1/2 %3],

where 1/2 Ut = 0.44 nm and 1/2 y_ = -2.35 mm, .respectlvely. The isoscalar
camponent can only give rise to transitions for which AT = O, whereas the -
isovector camponent can give rise to transitions for both AT = 0,1. Because
u_ is considerably- larger than ., isovector transitions are expected to
daminate. The level labeled GT represents the giant GT-resonance. predlcted
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 when the isospin of
the target (i.e., T,) is nonzero. The relative cross sections to these sta-
tes will be proportional to the squares of isospin Clebsch-Gordon ooefficj.—

ents. For the states with (Tg~1, T, and (Ty+l) these are (2T -1)(2T,+1)~1,

('1‘04-1’)‘1 and [(2Tg*1) (T0+1)]‘1, respectively. Thus, for target nuclei with

large T,, one should mainly observé states in the final nucleus with isospin
T=(Tg-1).

Calculations of the (p,n) reaction in terms of the nucleon-nucleon (N-N)
interaction at intermediate energies havé been made by a number27)29)30)' of
authors. The isospin dependent part of the effective interaction is quite
camplicated 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 ag = O
terms survive and the contributions from spin-orbit and tensor-spin are
uninportant.29)3o)- The zero degree cross sections can be expressed31) as

do/dg (0°) = (u/nB2)2 kefky { M| J_<P> |2 + N__|J . <GD |2},

where y is the reduced mass, k¢ and k; the wave numbers for the ‘n.eu_tron‘ and
proton, respectively, Nll? and I\QT are distortion factors, J. B.ndf-J;(,T are the
volume integrals (for q = 0) of the spin-independent (r;-t1p) and spin-. ..
dependent (g7 °+0911°19) parts.of the istector central terms inciuding the -
contribution from knockout exchange, and <F> and <GT> are Fermi and Gamow-
Teller matrix -elements. The latter are given by

<GD> = (231 + D2 g || ﬁ te(k)o(k) || 95>

and . . L . : :
B> = (2Ji+1-.)<,',1_/2’<Jf:| | T || 95>..

Note that <GT>. has the same form as-the spin dependent part of the isovector
Ml operator. :The distortion facators are giir_en by the ratio of .the calcu-

lated distorted-wave. to plane-wave cross sections evaluated at ¢ = 0°.. -

I
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Goodman et al.31) -
. ) have ORNL-DWG 80-10496
measured' zero degree cross 6 T T T T j T T T 1

sections at Ep = 120 MeV
for a number of light ele-
ments for which the Fermi

and GT matrix elements were
known from beta decay. )
From these data and calcu-
lated values for the cor-

responding distortion fac-
tors they deduced values
for the volume integrals

| ¢ | = 89 MeV-fm3 and

| 3| = 168 MeV—fm3. These I . ST
agree within about 15% with )
the respective values 0 I Y T Y Y Y I
calculated??) by love. A 100 150 200
further prediction of the -E (MeV) :
calculations2?)30) is thgt

| J a'r‘ remins relatively Fig. 12. Pnergy dependence of | t . /t; | 2 for
constant between Ep = Ep = 100-200 MeV (from reference 29).

100-200 MeV, whereas | Jr | decreases in value (see Fig. 12). This feature
can be utilized to distinguish between AS = 0 and AS = 1 transitions.

('O'T/t'l’)a

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 l\;IeV. One can see a sharp peak sitting on top of a broad peak near 15
MeV. The sharp peak corresponds to the IAS of the 208Pb g.s., while the
broader peak which lies about 0.4 MeV higher in excitation is the giant GT
resonance. The peak labeled 7.5 MeV IAS is believed to correspond to the
analogue of the Ml radiation identified at ORELA. This assignment is mde
on the basis of energetics as well as its cross section relative to that of
the GT, which is comparable to the ratio of the squares of the (G coef-
ficients for T = T, and T = T,-1. The peak labeled 9.2 MeV IAS(?) might
correspond to the analogue of other Ml radiation in 208Pb., Figure 14 shows
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Fig. 13. Neutron time of flight spec- Fig. 14. Neutron time of flight

trum for 208Pb(p,n)208Bi reaction at spectra at ¢ = 0.2°, 5.0° and 9.9°
Ep = 120 MeV at g = 0°. for 208pp(p,n)208Bi reaction at
Ep =160 MeV.

spectra for the same reaction at 160 MeV. At this energy the cross secfion
for exciting the GT relative to that for exciting the g.s. IAS is ngegtly
enhanced. Our experimental enhancement .is comparable (although somewhat |
smller) than that predicted by Love.29) Prom cur preliminary 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 Ey ~22 MeV. This peak has
an angular distribution similar to a peak at E; = 2.8 MeV. Figure 15 shows
the differential cross sections for the g.s. IAS, GT and E; = 2.8 MeV
resonances. The IAS and GT clearly involve ag = 0 and the latter ag = 1.
The 2.8 MeV resonance is identified as the hg /21.1% /2 | o— proton particle-
neutron hole state previously suggested32) by Alford et al.
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Fig; 15. Differential cross sections for the g.s. 1AS,
"resonances for the 208Pb(p,n)208Bi reaction at E, = 120
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Figure 16 shows spectra at a number of

“angles for the same reaction but at E, = 4000
200 MeV. Here the g.s. IAS is completely 2o%Pntp.e 2%
dominated by the GT and it is not obvious . @

that we will be able to extract its cross
scction at this energy. The Ag = 1 reso-
nance is clearly seen to peak about 4.5° g2
beyond the GT. In 90Zr(p,n) at Ej = 120
MeV, a Ag = 1 resonance was observeds3) at’ _ I
Ey, = 17.9 MeV. This is shown in Figs. 17 oo |- .
and 18. It has been suggested33)34) that .
these high lying Ag =1 f%ona.nc_es are the
T = Ty members of a 17 isospin nultiplet,
of which the analogue of the GDR would be
the T = T3'+1 member. However, J = 0 or 2

COUNTS

~ camnot be excluded. The cross section

for excitation of this resonance in the
208ph(p,n) reaction behaves similarly to
that of the GT as a function of E‘.p, and
thus has been identified34) as a ag = 1,
AS = 1 transition. In 208Bi, e.g., this

- resonance can be thought to contain proton
particle~-neutron hole states of the type
J15/2113/2, 113/2011/2, ete. Recently
data have been obtained at B, = 200 MeVv
for a series of targets ranging from
lithium to lead. The A2 = 1, AS = 1 reso-
nance seems to be common to most targets.
Time-of-flight spectra at ¢ = 4.3° for Fig. 16. Neutron time of flight
907y, 112sn, 1243n, 169Tm and 208Pb are  spectra at 8 = 0.2°, 2.5°, 4.3°,
shown in Fig. 19. It is clear from this 7.0°, 9.5° and 12.8° for the
figure that the location of the ag = 1 208pb(p,n)208Bi reaction at

peak occurs at nearly the same qhannel Ep = 200 MeV.

in the time of flight spectra for

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 resonances observed in t;he
90Zr(p,n) 9Nb reaction at Ep = 120 MeV.

gue of the GDR is the T = T3+1) member is .oorrect,‘ one mighf expect the Q-

~ values to be given approximately by

Q(17)7ery = Ec + Egpr ~ EpTs

where E, is the Oouldnb displacement energy, Egpp is the excitation energy
of the GDR in the target nucleus, and E,p is the energy of the isospin
splitting in the residual nucleus. One can use the isospin splittings found
for 90Zr33) and 208Pb34) to find E,p ~40(N-Z)/A and show the above rela-
tionship to be approximtely so. ' From the zirconium and lead data though,
it appears that Eyp is not linearly related to (N-Z)/A. '

Ikeda et al.28) predicted that the energy difference between the giant
GT resonance and the g.s. IAS would be appipximtely proportional to
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(N-Z)/A, where the pfoportionality factor is a function of angular momentum
coupling coefficients, an average of radial matrix elements between

neutron hole-proton particle states, and
the strengths of the residual interac-
tions in singlet and triplet spin
states.
simplifying assumptions involved, but
they will not be detailed here. The
same work is alsb applicablezs) fo a

There are also other

AL = 1, AS = 1 resonance for which the
energy spacing from the g.s. IAS would
also be approximately préportional to
(N-Z)/A. Although the data are only in
the preliminary state of analysis, the
energy differences between the GT and
AL = 1, AS = 1 resonances and the g.s.A
IAS are plotted against (N-Z)/A in Fig.
20. Both sets of data (with the excep-
tion of the 920Nb point for the Az = 1
resonance) seem to be described by
straighf lines which are nearly .
parallel. The GT data can be approxi-
mately fit by the relation

Egr - Epas = -30.0(N-Z)/A + 6.7,

and the ag = 1 data by

EA2_=1 - Eps = -33.0(N-Z)/A + 13.6!
where the constants are in units of MeV.
Now the coefficient of (N-Z)/A is basi-

cally what Ikeda et al. have calculated.

In an extremely sinplistic picture, it '~
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is just the energy separation between the singlet spin (é.g., the IAS with

J" = 0¥, S = 0) and triplet spin (e.g., GT with J"
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Fig. 20. Plots of (EgrErpg) and (EA9,=1"EIAS) versus (N-Z)/A. The.data
for 92/94Zr are from reference 36).

same 44 as for the IAS) states without the effects of spin-orbit splitting.
With the Rosenfeld admixture of Vg = 2/3 V¢, the work of Tkeda et al. would
predict this coefficient to have the value (-30.7). The value of the

. constant in the expression for Egr-Eyag would then be thought to represent
an average spin-orbit energy. Similar comments can be made pertaining to
the expression for E,p.; - Erpg. Here, the constant also includes the
energy splitting between g-shells.
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In Fig. 20, the E, =1-Eyas energy for the 90Nb is seen to be fairly high
above the line. This also holds for the ag=1 resonances observed in
92,94Nh. This can probably be understood in terms of the shell model, where
the number of particle-hole pairs which participate in the niobium isotopes
is more limited and could have on average a higher energy splitting between

= 1 shell states.

The question of the spin of this new aAg=1 ,. AS=1 resonance remains open.
The most probable choices are 17 or 27. A 17(27) would suggest the
existence of a collective E1 (M2) spin-flip type resonance. Both possibili-
ties are interesting, and additional work is required both expermlentally
and theoretically to investigate the alternatlveq.

Transition Strengths

) The measured (p,n) cross sections also yieid information concerning
various transition strengths. It is usually assumed that the Fermi strength
is exhausted in the g.s. isobaric analogue. The sum rule strengths for
Fermi and GT transitions can be expressed as

Spn(D) = Syp(D) = (2,
and

Spn(o) - Snp(a) = 3(N-2),
respectively. Here,. Spn represents the sum over all final states of GTY2
(or <F>2) for the (p,n) reaction, and Syp the analogous term for the inverse
reaction (or sg-decay). Nuclei with A >30 usually have large neutron
excesses, and thus smll values of Snp( o) because the higher neutron shells
are already filled. (This same condition is a.lso'responsible’19)- for causing
the ohyw Mi states in a target like lead to have mainly T = T3.) Hence, one
would expect Sph(c) ~3(N-Z) for such nuclei. For 90Zr(p,n) a value of
5GT>2 <11 has been found.33) The 208pb data werée analyzed by utilizing
the values found for- the volume integrals -in reference 31) and <F>2 = 44 to
first determine M. Calculations indicate that ND/ND. ~0.8, and this rela-
tion was used to deduce N%T = 0.059. Using this value of Ngr and ‘ Jotl 2=
168 MeV-fm3, the GT strength to the Ex = 15.6-MeV resonance in 208Bi was
determined as GT>2 ~48. Ikeda®8) calculated that about 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. IAS. Our results are in reasonable agreement with those calcula-
tions, .and seem to disagree ﬁth the .suggestion35) that the GT strength
should be highly fragmented in heavy nuclei. Almost all of the targets
studied show a 1oca1iz.ed GT resonance (see, e.g., Fig. 19). Inclusion of
the lower lying Ag = O cross section and reduction of "assumed" backgrounds -
for the 208Ph(p,n) could raise the "observed" GT strength to about 65% of -
the limit.- A final comparison of the fraction of GT strengt'h‘observed must
await further analysis of the abundance of data which now exists. It is
important to resolve this question (because most of the strength g'oes' to the
T=T,-1 states) if one hopes to use the (p,n) reaction to deduce B(Ml) values
for the target nuclei. As previously noted, the (p,n) reaction basically
is 'a measure of the isovector Ml strength. The relafionship between. an ML |
transition to a level | fy with (T,T,) in the target nucleus and the GT
transition to its isobaric a.nalogue| £ '> = NpT_ | £> with (T,T,-1) is
given by ' .

. _ ' T,
B(ML);,5 = 3/8n G2 ¢ ()2 Ho? { 2ToHl

for T' = T, or Ty+l, respectively. If one uses the bare magnetic moments
for the proton and neutron, the observed cross section for the suggested IAS
. of the Ml strength in 208pb near 7.5 MeV would give B(Ml)+ considerably
larger than the 2.6 uoz (i.e. ~19 uoz) found in the ORELA work. (If one
were to use a quenched magnetic moment of ~0.6 mm, the sum of the Ml
strengths for the 7.5- and 9.2-MeV resonances would just about exhaust the
Ml sum rule.) There is as yet no justification for using such a rela-
tionship to extract B(Mi) values from cur (p,n) data, and the numbers above
are only given to exhibit some of the problems and are not to be taken
seriously. Much additional work is necessary in order to obtain a detailed
under-standing of the problems involved before one will be able to quantify
with confidence the GT strengths deduced from the (p,n) data for medium to
heavy mass targets.

Even though the data are not yet fully analyzed, it is already apparent
that the (p,n) reaction at intermediate energies can be expected 1o yield a

—245—




wealth of new information. This will include the systematics (i.e., energy,
width, strength) of the GT, Ag = 1 spinflip and most likely other resonan-
ces, angular distributions, etc.. From these one should be able to learn
details of the effective nucleon—nucleqn interaction, information pertaining
to collective spin oscillations, microscopic nuclear wave functions, and
perhaps electromgnetic strengths. Studies using deformed targets such as
1:691‘m will .no doubt add other fezitures. Hence, the future looks bright for
the '"new" technique as a means to solve "old" as well as new problems.

The author wishes to thank the large number of people who have contri-
buted to this work. This includes collaborators involved in both the ORELA
and IUCF experiments as well as the supporting staffs. Of course, without
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Special thanks are due to Betty McHargue for her patience in typing this
manuscript. This work was sponsored by the Division of Nuclear Sciences,
U.S. Department of Energy, under contrct No. W-7405-eng-26 with the Union
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