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ABSTRACT

A proportionality is assumed to exist between 0° (p,n)
cross sections and the corresponding beta decay transition
strengths. The validity of this assumption is tested by
comparison of measured (p,n) cross sections and analogous
beta decay strengths. Distorted vaves impulse approximation
calculations also provide useful estimates of the accuracy
of the proportionality relationship.

INTRODUCT LON

Standard reaction theory and experimental observations support the
idea that there should be a measure of proportionality bhetwveen (p,n) cross
sections and beta decay transition stlenglhs.1 b This correspondance
derives fiom the similarity of the operators involved in each type of
reaction. The central {sovector terms in the effective nucleon nucleon
interaction that mediate low momentum transfer spin tlip (S - 1)

transitions,
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and non ospin tlip (5 0) transitions,
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are similar to the corresponding operators
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for Gamov-Teller (GT) and Fermi (F) beta decay, respectively. There are
numerous beta transitions vith known decay rates for wvhich the analogous
(p,n) cross section can also e measured. The existence or absence of a
useful proportionality can therefore be tested empirically. The initial
results of such an investigation have been reported by Goodman et al.? for
Ep = 120 MeV and vere highlighted at the very first Telluride conference.
Much additional data has become available since then, and the experimental
situation up to about 1986 has been revieved in another papt-r.4 In this

article I wvill summarize previous results and present some nev data.

From general considerations, the (p,n) cross section should denend on

the bombarding energy E the number and type of nucleons in the target

p'
nucleus A(N,Z), the asymptotic three-mom: ntum transfer q, the energy loss

w, vhere

W= E o+ (M - My + M Hp)c’,

= Ex - QHS'

and the speclitic nuclear structure relationship hetwveen initial and linal
nuclear states. The dependence on these quantities can he expresred as a

product of three tactors:

o - B (F, MF (q,w)B(a), (1)

vhete a F or GT. The propotionality factor o, which I shall call the
"unit ecross section,” can be bombarding energy and target dependent and i«

the tactor of primay itnterest. The factor F(q,w) deseribes the shape of



the cross section distribution. At fixed w it 1s approximately an
exponential function of q2 (for q < 0.5 fr.71),

Fla,u) = C(wexp(-3<r>iq?)
and goes to unity in the limit of zero momentum transfer and energy loss:
F(qw) » 1 as (q,w) *+ 0.

The beta decay transition strengths B(a) are obtained from beta decay

lifetimes according to

(Gy)?B(F) + (Gp)'B(CT) = L (2)
vhere

K . 6166 + 2 ser

7
and

G
[.ﬁ]‘ - (1.260 t 0.008)3.
Gy

The co:pling constant valves used here are those ¢ecommended by
Vilkinson.>

It is useful *'o distinguish hetveer. comparisons of (p,n) ana bheta
decay for different transitions starrting fiaon the same parent state, which
1 <hall call specific proportionality, and compatisons of cross sections
for transitions originating trom ditterent target nuclides, wvhich I <hall
rall general oproportionality. In the former case a knovledge ol the
A dependence i a 15 not equired. Application of the maore  reneral
proportionality relationship will requite the A dependence ot o to bhe

smooth o1 at least calenlable,



REACTION MODEL CALCULATIONS

The distorted waves impulse approximation (DVIA) calculations
described here include "exact" knock-on exchange amplitudes and vere
performed with che code pve1.6 The calculations employed relativistic
kinematics but are otherwise consistent with the standard non-relativistic
Schrodinger equation. The effective interaction used wvas the
nucleon-nucleon t-matrix parasetrization of Franey and wvove (FL).7 The
175-HeV version of this interaction vas used for the reaction calcularions
at 160 MeV. Single-particle vave functions vere calculated in a hLarmonic
oscillator basis and are labeled by the notation j, = 0 + 1/2 and
j< = § - 1/2, vhere % is the orbital angular momentum. The optical
potential parameters used in the DUIA calculations were those of Meyer et
al.8 for A = 6-18, Olmer et n1.9 for A = 28, and Schvandt et .1_10 for
A = 18-208. The Schvandt parameters vere extended to the lover mass range
for comparison purposes.

The results of the DVIA calculations for Bp = 160 MeV are showvn in
Fig. 1. The variations in @ for different particle-hole configurations
are not large fcr 1' transitions with the full single-particle GT
strength. The dashed line in this figure represents the average mass
dependence of &,p(A) and can be used to assess the implicit accuracy of
the proportionality of Eq. (1), as predicted in the DVIA. The standard
deviation of the DVIA values of dct vith respect to this average mass
dependence is Ad/@ = 7X. To the extent that the DUIA variations model the
expected variations 1in nature, this value of Aa/d thus represents the
smallest level of uncertainty that can be achieved in the experimental
determination of GT traniition strengths through the wuse of a

proportionality relation such as Eq. (1).

In contiast to the GT unit cross sections, large varlations are
observed in the calculated Fermi unit cross sections. (entral interaction
exchange amplitudes alone cause },j, ! 0' transitions to have unit cross
sections larger than those tor j<|< ' transitions. This difference
increases with target mass from about 5% far A - 12 to about 11X tm
A - n) and vanishes wvhen the abnowmal parity J|L,S] » 0][1,1] amplitude i«

sel 1o zero, love, Nakayama, and Fianey pointed out that an

interference betveen the microscopie Voo and Vo dnteractions in the
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Fig. 1 Distorted-vaves Iimpulse approximation unit cross sections
(squares). Multiple boxes for a given value of A correspond to
different particle-hole configutations; the smallest Fermi cross
sections for a given value of A correspond to ] j.7!
transitions. The dashed line tepresents the average A

dependence of the T unit cross sections. (See Ret. 4).

ptesence ot an optical potential wpin orhit force has a large destructive
ctiect upon j(i<' v'otransitions and further enhances the separation ot
the Formi cross sectfons into two distinet "bands", as plotted in Fig. 1.
The empirical evidence for this Iatter etfect is somewhat inconclusive and

will be dideussed later in compai isons to data.

The calenlations of Fig. | employ full <ingle patticle «<trengthes,
Hovever, an impoitant concern in the diccussion of proportionality is the

tange of transition <trengths over vhich the aelatonship is valid.,  The



proportionality must obviously fail wvhen the L.«0 central interaction
amplitude becomes so weak that competing amplitudes are comparable in
magnitude. This issue 1s best addressed by comparing individual beta
decay strengths to relevant single-particle strengths, given by:

( (j> + 1) I
N 13>
(21) + 1)
—_— it
j, >J«
B(GT)g, = 3)
23y - 1) ]
3¢
-1
| T D ot

Figure 2 shovs calculations of the unit GT cruss section for tvo
different mass values at 160 MeV. In these calculations the GT amplitude
vas decreased vhile holding other amplitudes constant. The dotted
horizontal lines represent a ¢+10X% vatlation from the average value of o,y
for full single_particle strength. With the exception of j j !
transitions, vhich are strongly affected by tensor exchange amplitudes,
the calculated unit cross sections remain wvithin the 102 limit to quite
small values of the GT strength i1elative to the full single-particle

strength.

The 7Al(p,n) i1eaction provides a good empirical example of wveak
transitions for vhich the proportionality appeats ta be valid. Very good
cortespondence is nhserved between heta transition strengths and (p,n)
cr1oss sections for the transitions to the 2.16 MeV and 7.65 MeV levels in
‘1§ (Fig. V). These transitions carry only 5,12 and 72.6X of tae

d‘/?dﬁ/? ' and dH/)dH/? U slogle particle strength, respectively.
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Fig. 3 Cross section spectrum for 27Al(p,n) at 0° and 120 MeV. The
vertical bars represent the GT transition strengths for
analogous beta decays. The Fermi strength is indicated by the
dashed vertical line.

EMPIRICAL EVIDENCE FOR SPECIFIC PROPORTIONALITY

Specific proportionality implies that all GT (p,n) transitions
originating from a given target nuclide will have the same beta-decay
proportionality factor (unit rross section). Equivalently, there will be
a fixed proportionality bhetween these Cr (p,n) cross sections and the
Fetmi component of the cross section for the isobaric analog state
transition. In contrast tu the large configuration dependent variations
in the ratio g p/op as displayed In Fig. 1, experimental studies of GT and
F transitions have shown a well deftined ration bhetveen GT and F cross
sectlons in the energy range 50 200 MeV. This ratio can be conveniently

patamet: jzed as



oGt/ O = (EP/EO)z (4)

vhere Ey = 55.0 ¢ 0.4 MeV. A summary of the data available up to 1986 is
shown in Fig. 4. The standard deviation of the data points plotted in
this figure is AEy = 1.7 MeV. Note that this implies an uncertainty in

the ratio of unit cross sections of about 6X.

In addition to the ?7Al(p,n) transitions illustrated in Fig. 3, some
more examples that appear to demonstrate the validity of specific
proportionality are !3C(p,n), !20(p,n), 26Mg(p,n), and ?*¢S(p,n). Spectra
for (p,n) reactions on these target nuclides are shown in Figs. 5-8 for a
bombarding energy of 120 MeV. The ratio of unit cross sections defined by
Eq. (4) 1is assumed in plotting the relative sizes of the GT and F
transition strength bars in these figures. That is, to within an overall
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Fig. 4 The parameter EO = Ep/(écT/&F)"z. Solid circles are alternated
with open squares to indicate data points for different
nuclides. For a given nuclide, the bombarding energy increases
from left to vight. From the left, the data correspond to 'Li,
14, 170, 26¢Mg, 2'Al1, and 4‘Ca. The solid horizontal line

represents the veighted average 7, - 55.0 + 0.4,
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Fig. 5 Cross section spectrum for !3C(p,n) at 0° and 120 MeV. The
vertical bars represent the GT transition strengths for
analogous heta decays. The Fermi strength is indicated by the
dashed vertical line.

scale factor the quantities plotted are F(q,w)B(GT) (solid bars) and
F(q.w)B(F)(EOIEp)1 (dashed bars).

EMPIRICAL EVIDENCE FOR GENERAL PROPORTIONALITY

I[f the nuclide specific proportionality factors bhetween (p,n) cross
sections and beta decay 1ransition strengths were to fnllov a smooth or at
least predictable trend, then a more generally useful proportionality
vould exist. In such a case a limited number of (p,n) ti1ans=itions could
be calibrated against analogous heta decay tiransitions to determine the

ywaportionalit constant - and thig empiricall established
1
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Fig. 6 Cross section spectrum for !%0(p,n) at 0° and 120 MeV. The
solid vertical bars represent the GT transition strengths for
analogous beta decays and the dashed bar represents the Fermi
strength. The overall normalization for this spectrum is pocrly
determined.

proportionality factor could then be used to measure GT strengths for

transitions in other nuclides.

The empirical results for &GT(A) and &F(A) are plotted for Ep - 160
MeV in Fig. 9. Also plotted is Lhe average value of aep(A) determined
from the DWIA calculations of Fig. 1. While the experimental points seem
to follow the general trend ot the DW1A mass dependence, It Is very
obvious that the scatter in the experimental values 1is much larger than
the scatter in the calculated values (Fig. 1). The
tclatlive uncertainty wvrigited standard deviation of the expecimental T
points with respect to the noimallzed average VA mass dependence is 8d/a

- 772X tm Hp - 160 MeV. This spread, 1t treated as statistieal, 15 too
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Fig. 7 Cross section spectrum for ‘¢Mg(p,n) at 0° and 120 MeV. The
vertical bars represent the GT transition strengths for

analogous beta decays. The Fermi strength is indicated by the
dashed vertical line.

large to be accounted for by the estimarted experimental relative
normalization uncertainty of abou! BX.

The scatter Iin the experimental polnts {3 central to tne
investigation of general proportionality; it Is therefore important to
cstablish the 1elstive cross =scetions accurately. Present evidence
strongly suppot's a nonsiatistical origin for the obseived scatter. A
subset of the points displayed in Fig. 9 consists of several Independent
measurements (l.e., different 1aigety and detector contigmrations) vhich
yleld consistent 1esults. In particular, 1 shall tocus the discuszslon on
the results tor V2¢, ''¢, and 14C, which exhibit varlations In G ol as

much ax S0 from isotope to ilsotaope.
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Fig. 0 Cross section spectrum for ''S(p,n) at 0* and 120 MeV. The
vertical bars represent the GT transition strengths for
analogous heta decays. The Ferml strength is indicated by the
dashed vertical line.

The 1elative cross sections for '2¢(p,n) and !''C(p,n) have heen
verifie! through measurements vith aatural carhon targets, which are 1.11X
17%¢. The laige difference in 1eaction ) values for these 1wo {=otopes
allovs a very clean abservation of the lov excltation ''C peaks In the
natwal carhon spectium.  The 1elative crosk sections deteimined In this
vay agree vell with cross sectlons measmied wvith isotopleally enriched

The "4¢(p,n) crozs sectlong vere measmied with a tairget constructel
by mixing amorphous canbon (enmpiched to HB.OX 11¢) with a polystyrene
(:Hy) blnder and mreszing the resulting mixtme into a solld disk.  The

target thus contalned knovn quantities of both e and 14¢. The 17¢ croux
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So~tions obtained from measurement: with this taiget agiee well vith the
cross sectionn obtalned with lsotopleally pure 1'7¢ and natmal carbon

targets,

The ovidence summatized In the preceding dizeassion lends: sitrong



support tc the relative experimental values of & determined for !2C, 13C,”
and !4C. An explanation of the observed differences must therefore be

sought in the reaction dynamics.

The surprisingly large value of & for !3C compared to that for !2C or
14C is not easily explained in the context of the standard DVIA.
Reasonable variations of model parameters, e.g., optical potentials,
harmonic oscillator parameter, etc., cannot reproduce the observed
difference. Indeed, it appears that even unreasonable parameter
variations cannot erplain the difference! It would be easy to dismiss the
effect as an overlooked subtlety of nuclear structure or reaction
mechanism unique to the ground state ot !3C wvere it not for the fact that
the 15.1-MeV transition shows the same large value of @. It is also
significant that a similar enhancement is seen in other nucli-les such as
135N and possibly 39K. Additionally, cross sections for the analogous
13¢(p,p’) 15.1-MeV transition also appear to be enhanced relative to

12¢(p,p’) 15.1-MeV cross sections.1Z+13

SUMMARY AND CONCLUSTONS

Tvo major prollems are yet unresolved in the comparison of (p,n)
cross sectlons to analogous beta decay strengths. Firsat, the
proportionality constant that relates (p,n) cross sections to beta decay
transition strengths does not have a smooth target nuclide dependence, nor
Is the dependence presently calculable in some cases to bhetter than about
50X In the context of the standa d DVIA reacuion model. This obscervation
has several Important impllecations. Until the origin of the (luctuations
Is understood, extrapolation ar Interpolation of proportionality constants
from one target nuclide to another must be 1egarded as uncertaln at the
200 S0X  level. Quantitative coneluslons based upon comparisont ol
measmied crotis sections and  INIA - caleulations should be  especlally
umellable.  This uncertalnty must apply as well to 1elated reactions such

as (p,p').

A second problem b the predicted sensitivilty ol 0 transitions,
puticulanly those of the jjo ! type. to tenzor exchange and spin orbin
amplitudes.  Relative crosy mectlon systematles tor 0 and 1Y transioions

show no c¢leat evidence for this effect.  Two Foami trangitions whileh ought



to shov the effect are those in !YC(p,n) and 3*S(p,n). These should he
predominantly °1/2P1/2-1 and d3/2d3,2'1, respectively, yet exhibit 3o/ Op
ratios consistent wvith other Fermi transitions of j>j>"1 character. An
interesting counterexample to these two cases is provided by
13C1(p,n)3%Ar. A spectrum for this reaction at 120 MeV is displayed in
Fig. 10. The vertical bars in this spectrum represent the corresponding
beta decay strengths in the same manner as in Figs. 3,5-8. Also, the
dashed vertical line is meant to represent the Fermi strength according to
the relative normalization of Eq. (3). Clearly, 1if the supposedly
"universal” ratio of E4q. (3) Is applied to this case, the Ferml cross
section is considerably overestimated relative to the GT crouss sections.
In other words, this simple comparison seems to indicate that the Fermi
cross section is much smaller than that predicted by Eq. (3). Since this
should be a d3/2d3/2“ transition, this reduction 1s consistent vith the
calculated effect presented in Fig. 1. Hovever., this comparison |is
cormplicated by the fact that the GT transitions for this case are all very
wveak. In fact, sheil model calculations by Brovn and Vildenthall?
indicate that all but one of these transitions can be attributed largely
to ¢ -forbidden amplitudes of the tyre 151/20d3,2'l. Simple comparisons of
the sort just made may therefore be very misleading. More data for Fermi

transitions of j<J<" character are clearly desirable.

This work was supported in part by the U.S. Dept. ol Fnergy.
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