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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.

INTRMDUCT LON

Standard reaction theory and experimental ohservations support the
idea that there shonld he a measnre of proportionality hetveen (p,n) cross
sections and beta decay transition sllenglhs.l b This rorrespoundanrce
derives fiom the simllarity of the operators involved in each type of
reaction. The central {isovector terms In the effectlve uncleon nueleon
Intetaction that mediate lov momentim transter spin thip (S - 1)

tiansltlons,
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are similar to the corresponding operators
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and

for Gamov-Teller (GT) and Fermi (F) beta decay, respectively. There are
numerous beta transitions with knovn 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.z for
Ep = 120 MeV and wvere 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 reviewed 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

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

w, vhere

w=E, + (M - M, + M Hp)c’.

= Ex - Qgsl

and the specltic nuclear structnre relationship hetwveen initial and !inal
nuclear states. The dependence on these qunantities can he expresced as a

ptoduct of three tactors:

o - &u(l-:p.A)Fu(q.w)B(u). (1)

viiere a F o1 GT. The propm tionality factar o, which 1 shall ecall the
“mmlt crons section,” can be bombarding eneigy and taiget dependent .nd 1=

the tactor of primny Iuterest. The tactor F(p,a) deser tbes the siape of



the cross section distribution. At fixed w it 1is approximately an
exponential function of q? (for q < 0.5 frn71),

F(q,w) = C(w)exp(—%(r)zqz)
and goes to unity in the limit of zero momentum transfer and energy loss:
F(¢,w) » 1 as (q,w) + 0.

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

(G)TB(F) + (Gp)?B(CT) = & (2)
vhere

: K = 6166 + 2 se-

oy :
and

G
[.ﬁ]‘ - (1.260 t 0.008)2.
Gy

The coupling constant valves used here are those i¢ecommended by
Wilkinson.>

It is nseful 'o distinguish hetveer. comparlsons ot (p.nn) ana bela
decay for diffterent tiansitlons starting fron the same parent starte, which
1 <hall call speciflc proportionality, and compatlsous of crosg sectlons
tor transhilons oviglnating tirom different target muelides, vhich 1 shall
vall general mioportionmality. In the lo'met case a knovledge of the
A ddependence i a Is not pequlred. Application ol the maae  sencial
propottionai by vebarbonshibp wliil ceguite the A depewdence ol o 1o he

smoonth or at beast calbeatable,



REACTION MODEL CALCULATIONS

The distorted waves impulse approximation (DVIA) calculatiens
described here include "exact" knock-on exchange amplitudes and vere
performed with che code puB1.6 The calculations employed relativistic
kinematics but are otherwise consistent with the standard non-relativistic
Schrodinger equation. The effective 1interaction used wvas the
nucleon-nucleon t-matrix parasetrization of Franey and wove (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 liarmonic
oscillator basis and are labeled by the notation j, = 2 + 1/2 and
j< = - 1/2, vhere ® |s the orbital angular momentum. The optical
potential parameters used iIn the DUIA calculations wvere thase of Meyer et
nl.a for A = 6-18, Olmer et al.? for A = 28, and Schwvandt et .1_10 for
A = 14-208. The Schvandt parameters vere extended to the lover mass range

for comparison purposes.

The results of the DVIA calculations for Ep = 160 MeV are shown 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 oor(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 gop vith respect to this average mass
dependence is Ad/a = 7X. To the extent that the DVIA variations model the
expected variations in nature, this value of A4d/d thus represents the
smallest level of uncertainty that can be achieved in the experimental
determination of OGT traniition strengths through the wuse of a

proportionality relation such as Eq. (1).

In contiast to the (T unit c¢ross sectlons, large variations are
observed In the calenlated Fermi mnlt cross sections. deutral interaction

exchange amplitudes alone cause |yj, ' 0' transitions to have unlt cioss

sectlons larger than those tor j<|< ' transitlons. This difference
it eases with tairget mass from abomt 5% ten A - 17 to abont VX tm
A - i) and vanlshes when the abnormal parbty J|1L,S] - O][1,1] amplitunde i+
set  to  zeron,. l.ove, Nakayama, aml I-‘lane_v“ poliunted out  that an

interference bhetveen  the mlcroscopie Voo and Vo luteractions In the
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Fig. 1 Distorted-vaves 1impuise approximation unit <cross sections
(squares). Multliple boxes for a given value of A correspond to
different particle-hole configurations; the smallest Fermi cross
sections for a glven value of A correspond to )(j<'l
trausitions. The <dashed |IIlne 1epresents the aveiage A

dependence of the GT unit ciross sections., (See Ret. 4),

ptesence ot an optical potential sipin orblt force has a laige destinctive
cttect npon i(i< U W tnansitions and fwnther cabpinees the sepatat bon of
the Fermi crass sections into tvo distinet "bands", as plotted in Fig. |I.
The empitical evidence tor this Tatter elfect is somevhat inconelnsive aml

will be divenesed Later in compar Fsons to data,

The calenbation: of Fig., | employ full shagle particle stiengths.
Hovever, an Important concern in the divenssion of propmtionality is the

tauge ol transition strenpgthys over which the relatonsbip s valid.,  The



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

([ 4y + 1) -
N 354>
(29, + 1)

51 P
i, >«
B(CT)g, = (3)
23y - 1 N
5 1y
3¢
-1
| D ot

Figure 2 shovs calculations of the unit GT cruss section for twvo
different mass values at 160 MeV. In these calculations the GT amplitude
vas decreased vwhile holding other amplitudes constant. The dotted
horizontal lines represent a ¢+10X vailation from the average value of &a.p
for full single-particle strength. Vith the exception of j<j<'
transitions, vhich are strongly atfected by tensor exchange amplitudes,
the calculated unit cross sections remain within the 10X timit to quite
small values of the GT strength i1elative to the full single-particle

strength.

The ?7Al(p.n) treactlon provides a good emplrical example of weak
transitions tor vhich the proportionality appeats to be valld. Very good
cortespondence 1s observed betwveen heta transitlon strengths and (p,n)
r1oss sections ftor the transitions to the 2,16 MeV and 7.6 MeV levels in
1Si (Flg. V). These tiransltions emay only 5012 and 2.6X of tae

'I!/?'I')/? Ul 'l'./)'lﬁ/y Vovlnogle pmtlele strength, respectively.
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Fig. 3 Cross section spectrum for ?7Al(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
proportionallty factor (unlt cross section). Equivalently, there will be
a fixed proportionallity bhetwveen these Cr (p.n) cross sections and the
Feiml component ot the cross section for the Isobaric analog state
translition. In contrast tu the large configuration dependent varlations
in the ratlo ggp/0p as displayed in Fig. 1, experimental studies of GT and
F transitlons have shown a vell defined 1atlo hetwveen GT and F cross
sertlons in the energy r1ange 50 200 MeV. This 1atlo can be convenlently

patamet: lzed as



ot/ 9F = (EP/EO)z (4)

vhere Ej = 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 AEO = 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), 120(p,n), 265Mg(p,n), and }4S(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) 1s assumed in plotting the relative sizes of the GT and F
transition strength bars in these figures. That is, to wvithin an overall
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Fig. 4 The parameter Ej - Ep/(&CT/&F)"Z. Solld circles are= alternated
vith open squares to indicate data points for different
nuclides. For a given nuclide, the bombarding energy increases
from left to rvight. From the left, the data correspond to ’'ld,
i, 1MQ, 26Mg, 2'Al, and YYCa. Th:: 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
vertlcal 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)(EolEp)1 (dashed bhars).

EMPIRICAL EVIDENCE FOR GENFRAL PROPORTIONALITY

If the melide specitic proportiounality factors between (p,n) rioss
sections and betia slecay tiansition strengths vere to {allov a smooth or at
least predictable trend, then a more generally nseful proportionality
vould exist. In =zneh a case a lLimited mmber of (p,n) transltions conld
be callibrated againnt amilogons beta decay tiansitions to determine 1he

proportionality  eonstanl Gy oy Sl this  emplriecally erntablished
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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 !s pocrly

determined.

proportionality factor could then be nsed to measure GT strengths for

transitions in other nuclides.

The empirical results for &GT(A) and &F(A) are plotted for Hp - 160
MeV in Fig. 9. Also plotted is the average value of 6,p(A) determined
from the DWIA calenlations of Fig. |, While the experimental points seem
to follow the general trend ot the DW1A mass dependence, {t |s very
obvions that the scatter in the experimental values is much larger than
the scattem in the calenlated valnes (Fig. 1). The
ielatlve meertainty wvelyited standard deviatlon of the expeilmental T
polnts with respect to the noimallzed average DViA mass dependence Is Aa/a

- 22X tm Hp = 160 MeV.  Thin spread, H treated as statlbstieal, B otoo
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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 estimated experimental relative
normalization uncertainty of abou' 8X.

The scatter {in the experimental polnts {3 central to tne
Investigation ef general proportionality; it Is theirefore important to
cstablish the 1elstive cross scetions  accurately., Present evidence
strongly suppoi's a nonstatistical oirigin for the obseirved scatter. A
snhset of the points displayed in Fig. 9 consists of several independent
measureme:nts (l.e., different taigets and detector configrrations) wvhiceh
yleld ronsistent r1esnlts, In particnlar, 1 shall tocus the discnssion on
the results lor '2¢, '1¢, and '4¢, which exhibit varlatlons in &“T ol ax

much ax %X from isotope to izotope.
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analogous beta decays. The Fermi strength is indicated by the
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The 1elatlive cross sections ftor '2¢(p,n) and ''C(p,n) have bheen
verified throngh measurements vith aatural carbon targets, which are 1.11XZ
11¢5, The laige ditlterence la jeactlon ) valnes for these tvo iuntopes
allovs a very clean observatlon of the lov exeltatlon ''¢C peaks In the
mitmral cimbon xpectium. The r1elative cross sectlons detemmined In this
vay agree vell wvlth cross sectlons measmed with Isotopically enriched

eathon taiget:,

The Ye(p,n) cross sectlbmd vere measmed vith a tmget constine tod
by mixlug amorphous carbon (emplehed to 9T 14¢) with a polys:tyrene
(ily) hinder and presszing the resnbting mixtme Into a sobld disk.  The

target thns eontalned bnovn quantbtbes of both Y20 amd '4e0 The M4C crony
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soctlons abtained fiom meazmement: with thls taiget agree well vith the
vro8s  tectlonn oltalned with Inotopleatly pure 7€ and natmral earhon

iarget:,

The eovidence  smamagized  In the proeceding disewiion bends o trong



support tc the relative experimental values of & determined for !2C, 13C,’
and !4C. An explanation of the observed differences must therefore bhe
sought in the reaction dynamics.

The surprisingly large value of & for !3C compared to that for !2C or
14C is not easily explained 1in the context of the standard DWIA.
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 were it not for the fact that
the 15.1-MeV transition shovs the same large value of &. It is also
significant that a similar enhancement is seen in other nucli-les such as
135N and possibly 3%K. Additionally, cross sections for the analogous
13C(p,p’') 15.1-MeV transition also appear to be enhanced relatlve (o

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

SUMMARY AND CONCLUSTONS

Tvo major prollems are yet unresolved in the comparison of (p,n)
cross sections to analogons beta decay strengths. Firse, the
proportionallty 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 calcnlable In some cases to better than abont
50X in the context of the standa d DVIA reacivion model. This obzervation
hias several important implications, ittt the origin of the {lnctuations
Is mulerstood, extrapolation or Interpolation of proportionality constants
from one target mmelbde to another must be regatded as meertaln at the
206 S0 level. (mant ftative rconclustons based npon compainons  of
measmed crong sections amd INEA - calentarbons shonhd e enpeclally
mnellable.  Thisx weertalmy muse apply asn vell to rebiated reactbims sneh

an (pyp?)-

A secomd problem b othe ppedicted sensitivity ot 0 ttansbtbons,
pat thenbarly those of (he Jje ' type. to tenmm exclimge ol sphe orbh
amplitwmtes, Relatlve crons sectlon systematles ton 0' qud P tramsltbons

show o elbear evhidenee Tor this eftect, Tvo Ferml transitbons vhibeh onghn



to shov the effect are those in !4C(p,n) and ?*¢S(p,n). These should be
predominantly 01/2p1/2'1 and d3/2d3/2'l, respectively, yet exhibit acr/ap
ratios consistent with other Fermi transitions of j,j,"! character. An
interesting counterexample to these tvo <cases s provided by
1I35C1(p,n)33%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 E4. (3) is applied to this case, the Ferml cross
section is considerably overestimated relative to the GT cruss sections.
In other wvords, 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, *his reduction is consistent wvith the
calculated effect presented in Fig. 1, However., this comparison 1is
complicated by the fact that the GT transitions for this case are all very
wveak. In fact, shell model calculations by Brown and Vildenthall4
indicate that all but one of these transitions can be attributed largely
to § -forbidden amplitudes of the tyre 151/20d3/2'1. Simple comparisons of
the sort just made may therefore be very misleading. More data for Fermi

transitlons of j<j<" character are clearly desirable.

This vork was supported In part by the U.S5, Dept. of Funergy.
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