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Introduction »

¥While we are here collecting our ideas about nuclear sizes, I am reminded
of the Birmingham Nuclear Physics Conference of four years ago. One of the
high points of that conference was the talk of Professor Hofstadter, who de-
scribed the electron scattering experiments which established nuclear charge
distributions smaller than the size values generally accepted then. One guestion
raised wag: “How can these-radii be cpnsistent with the larger radii inferred
from slpha decay data?"_vmhis is one of the central questions I wish to discuss
here, and to help us there have come, in the short span of time since
Birmingham many important measurements from inelastic and elastic cross
sections for alphe particie bombardments on complex nuclei.

In the space of a few years we have reached a more sophisticated level in
our concepts of nuclear size. We divide experimental measurements of size into
tvo categories; first, those measuring the charge {or matter) density di.tribu-
tion, such as electron scattering, and, second, those measuring the form of
some nuclear potentiasl, such as measurements of nucleon oOr alphu particle
interactions with nuclei. The second type of meésurameﬁts quite generally
yield larger messures of size than do the first. Another degree of sophistice-
tion comes from considering the diffuse nature and occasionally the non-
sphericiﬁy of the nuclear éurface, both as regards matter distributions and the

various nuclesr potentials.
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Radius Determinations with Sharp Cut~-off Models

Many 1nterpratatiéns of the measurements of size of the nuclear potential
for alpha particles are based on “sharpbéut~off” models which ignore any diffuse-
ness of the potential and yield en effective nuclear radius paremeter, R, Ve
«wish to survey results from such interpretations first. Some types of measure-
ments which we now wish Yo compare have not been made over wide enough range of
mass number A& to establish the two parsmeters in the formula R = a Al/3 + b, We
shall therefore compare the R values at the mass number 209. This wass number
lies near the lower border of the principal region of elphsa emitters and nesr
the upper bofdar of the heavy stable nuclei usable as targets in alpha bombard-
ment ewperiments. Furthermore, the nucleus 31209.13 surely spherical, lying
adjacent to doubly-magic FoZoo.

Alpha decay rate»data for even~even nuclei may bde interpreted in terms of
sharp'cut-off coulonbic barrier penetration theory, and ve are provided with a
set of R values for various alphs em@tters.l Unfortunately for the applic-
~ability of alpha decay rates to measwring nuclear size, thewe is uncertainty
about the fundamental rate of formaetion of alpha particles by nuclei; that is,
we are uncertsin regarding the hypothetical "decay rate in the absence of the
barrier,"vg, or reduced width for alpha amSQDn;B%(uﬁF).Various alpha decay models

have been proposed with f ranging from,~1021 sec-l in the one-body models to

~1015 sec'l in the form of many-body model proposed by Bethe2 in 1937. Various
' other models have led to predictions intermediate between these extremes. T:ble
I shows the R values (in units of fermis, 10™-5 cm) indiceted for A = 209 by en
analysis of even-even alpha emitters with more than 126 neutrons,_uaing the two
extreme models mentioned. |

The measwrement of cross sections for auclear inelasﬁic processes in alphs

particle bombardment of nuclei affords another source of radius values, R.
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Uranium and other available heavy element targets have been used in radio-
chemical studies of total (fission plus spallation) reaction cross sections as
a function of alpha energy. Pig. 1 shows one such excitation functionj com~
pared to theorstical valuesu for two different assumed radii. The results of
such studies vould extrapolate to a value of R of 10.L for mass 209.(Distances
given in this paper are understood to be in units of 10-13 cm.)

A few years ago the total inelastic cross sections of carbon, copper, and
tantalum for 240 Mev alpha particles were measured by 8 beam attenuation tech-
5

- nique.” The resulting radius farmile derived from thesge measurements gives, when
extrapolated tb mass 209, an R value of 1l1.3.

For several light nuclei (Ais 30) measurements of angular distributions of
inelastically scattered alphas particle groupe have been made.6 In many cases
these anguler distributions show diffrection maxima and minima much like those
obsebved in deuteron stripping. By fitting the distributions to the theoretical

7 an effective nuclear interaction

expressions of Austern, Butler, and McManus
radlus is obtained. Of course, it is & long extrapolation from these nuclei to
mass 209, but ve inclu&é in Table I sn spproximste extrapolated radius figure
of ~10.8.

Our most extensive knowledge 6f the nuciear radius for alpha particlés
and its variation with mmess number comes from alpha elaétic scatiering cross
section measurements. Fig. 2, taken from a paper by 1go and Thaler,8 ghowes the
angulay vatiation of elastic crosé sections for 40.2 Mev slpha particles, plotted
astyeratio to the point charge coulbmb scattering cross section. One_sees
diffraction structure in the lighter nuclei, but for Ta and heavier nuclei the
fall-off with angle is generally smooth, though a semblance of diffraction
structure is evident at PbJ Other interesting femtures may be seen by examina-
| tion of the variation of cross section with energy et fixed sngles. Fig. 3,

from the work of Kerlee, Blair, snd Ferwell, shows such a plot.lo One notes a
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significant rise above the coulomb cross sectiorn before the drop in the case of

208 207 206

.?b and<Bizag. The rise is less pronounced in Pv and Fb and ls absent

- for several target elﬁ%@ﬁ%sﬁhqygeigtgéﬁés36f Kerlee ggrgé;la cover a vide :angz
of elements end energies snd are analyzed by a sharp eut-off mcdelll in vhich

a pure coulombic barrier is assumed beyond a cut-off radius, R, defining a i
surface vhich is totaliy abgorbing. That is, the nueleus is assumed to be com-
pletely black to yartial-wavesrwith*angular momentum less thanp eritical, and |
partial vaves with £ » zc are assumed to give their full coulombd scattering
contribution. This model fails to reproduce the data at lerge angles but gives
 ressonable fits at small angles. Fig. 4 is from thé paper of Kerlee et g&.lg
‘énd shows & plot of R values deduced with this model. ‘The yadii are best fitﬁed
by the formia R = 1.414 AY3 & 2.190. Significant deviations away from the

best fit are to. be seen, and considerable shori-term varistions are sometimes

" t6 be seen among nearly nelghboring nucled.

Size Interpretatiéns with Diffuse Potentials
Optical model analyses have giveh excellent Fits of alpha elastic scatter-
ing angulsr distributions. These anélyses have generally used a form facﬁ&r for
real and imaginary potentialuof the familiar Woods-Sgxon type,lz
.V + i W | |
1+ exp(r-é-?ﬂ}

The perameter 4 measures the diffuseness, and L is the radius at which the

nuclear potentiael hes fallen to half 1ts central value. Igo and Thalerg have

published the following‘parametergAbest.fitting X0 Mev alpha scattering data:

r_=1.35 a¥3 4 1.3, 4=0.5, V= b5 Mev, ¥ = -10 Mev.

These potentials signify a short mesn free path (~2 fermis) for the alphas in

. nuclear matter. There now geems toO be some question as to hov unique these
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values of the parameters are, Cheston and GLasSgold;3 Pind good fits are obtainQ
able with widely differeant values of V if the r, value is simultaneously ad-
Justed; i.e., the effect of deepening the potentisl V can be compensated by
decreasing ro.lh It i1s of considerable interest that the depth of the real
potential is less for 22 Mev alphas than for 40 Mev,8 the reverse of the behavior
of the real potential for ameutron or proton scattering.

We may make some comparison between the optical model potential and the
nuclear charge distridbution, since both have been snalyzed using the same form
factor. At mass 209 ve would find that the Igo-Thsaler potentlal falls to half
its central value at & distance at 9.3 and_.to one-tenth (i.e. 4.5+ i 1.0 Mev)
at 10.L4. The real potential would have fallem to 1 Mev at 112,

Electron scattering analysisl§ on bismuth indicates that the nuclesr charge
density falls to half its central value at 6.47 and to one-tenth at 7.82. Itwis
of interest to nole that electron scaﬁtering in helium b& McAllister and Hofstadterlé
showed the alpha particle to be diffuse with an r.m.s. radius of 1.6, This
finite size of the alpha particle probably contributes to the extension of the
alpha-nuclear potential beyond the matter distribution, but the finite runge of
nuclear forces and other details probably also contribute to the extension.

Can we novw apply the concept of diffuseness of the potential tovard under-
standing the various sharp cubt-off radii discussed earlier and summrized in
Table It ’

Blairl7 has rather thoroughly analyzed the connection of his sﬁarp-cut—off
radii deduced from alpha elastic scattering to tﬁe optical model potentials.
Simply stated, the pure coulombic pgrrierthwat; the sharp cut-off radius and
the dirfuse optical model potentiel givingg;est fit to a gﬁgen set of scatter-
ing data usually have in coﬁmon the same critical szalue for the partisl wavé

that can Jjust surmount the coulombic plﬁs centrifugal barrier. From this

connection it is apparent that the indicated sharp cut-off radius will be just
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slightly lerger (because of the 4iffuse tail) then the radius at the maximum of
the optical model barrier. At the sharp cut-off radius of 10.66 in Table I the
optical model potential has fallen 10 sround 3 Mev.

The fission-spallation reaction determination gives the value of R = 10.4,
closely similar to the alpha elastic value for reasons similar to those above,
The "black” nucleuswill almost totally absorb partial waves which cm surmount
the barrier, and these absorbed waves mske up the total reaction cross section.
Again the enalysis will yield a sharp cut-off radiuz which gives eguivalent
values of critical angulsr momentum to those glven by the true diffuse poten-
tial in the energy range considered.

The 240-Mev alpha inelastic processes, study of vhich indicates the large
radius R = 11.3, must be especially sensitive to the tail of the nutlear poten~
tial. Silace the optical model potential is energy-dependent;_and>is probably
even stronger at this high energy than at L0 Mev, ve are pot justified im
detailed comparison with the optical model poteutials for 40 or 22 Mev alphas.

The alpha-inelastic scattering anguler distributions in the light elements
indicate an effective interaction distance just somewhat larger than the sipha-
elastic sharp cut-off radii. The values seem plausible, but we shall wpot
attempt any detailed comparuative analysis here.

How will the introduction of a diffuse nucleay potential-affect.ﬁhe inters«
pretation of alpha decay rate data? #s & first step in asnsvering this question,
1 have programmed and carried out computstions on an IBM-G50 computer giving
barrier penetration factors (WKB spproximation) for all even-even alpha emitters
based on the Igo-Thaler optical model potential derived from the extensively
analyzed 40 Mev alpha scattering. (dbtical model anaiysis of scattering at
energies more comparable to alpha decay energies would ve useful in giving &

more sppropriste potential.) Using alpha decay half lives and the diffuse-
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potential barrier penetrabilities, the reduced widthsla for alpha emission, 62,

sre derived in each case. (62 is Planck's constent h times the Ffrequency

factor" £). The lower helf if Fig. 5 shows a plot of these reduced vidths versus
neutron number, and the upper hslf gives corresponding values for a sharp cubt-
off radius of 3.3 fermis for all even-even alpha emitters. In_ths upper plot
one sees (for N > 126) reﬂuceé widths sveraging about one Mev s given theoretic-
ally by the Preston form19 of the one body model; this agreement, of coursa, is
the criterion for selection of 9.3 as radius in the first place.

The reduced widths from the diffuse potential shovw similar tresds, but the
‘magnitudes (for N > 126) average sbout a factor of five lower than the one-body
values. The bresk at 120 neutrons is less for the dirfuse potential. The
diffuse potential glves reasonable values of reduced widths, within the large
(féctor of 106) uncertainty in the theoretical values. Perhaps such applications
of optical model potentials can stimilate further developments in fundementsl
alpha decay theory. already we can say from these explorstory calculations that
reduced widthe predicted by the one body model are much clioser to the truth than

are those of most many body models.

Conseguences of Non-Spherical Nuclear Shuapes
and of Zero~Point Burface Oscillations

There are other details besides the intrinsic diffuseness of the nuclear
vsurface vhich should eventually be tzken into account in the interpretation of
the various size-measuring experiments we have discussed. First, there ie abun~
dant evidence that the large class of nuclei distant from closed shells take on
stabilized spheroidal deformmtionzo with eccentricities as high as 0.3. BSecond,
there are surely zero-point oscilliaetions of the nuclear surface,

In first approximation both these effects may be considered as simply

giving extra contributions to the apparent diffuseness of the nuclear potantial
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or matter distribution being considered. Some discussion of the special con-

sequences of spheroid:l deformation to the .. elpha-scattering problem

is made by Kerlee et §£'10 wilth reference given to work of D:r'ozdov.a‘L

Spheroidal deformation has important special cousequences for the de-
tailed interpretation of alpha decay, especilelly as regerds the siguificance of
the relative intensities of decay to varicus members of 3 nuelear yotational
band wystem. ve have carried inward numericél integrations of the alpha decsy

22 fixing the boun-

wavereguation for szhz up to the spheroidal nuclear surface,
dary condltions at large distance by use of experimental alpha group intensities
to the ground rotational bend (£ = 0,2,4,6,8 groups obgserved). The boundary
conditions are not uniquely determined by this procedure, siuce there are two
possible phase choices for each alpha group considered. Dy indirect arguments
based cu angular correlation und intensity studles of neighboring odd masz zlpha
enitters, we velieve that the £ = 0, £ = 2, and £ = 4 groups are all in phage
within the barrier, although the argument; regarding the ¢ = L phase are not
conclusive. Since we are completely uncertuain regarding the relative phices

of £ =6 and £ = 3 groups included in our treatment, 7e are left with fowr
possible solutionsz. In Pig. G are shown plots of the possible alpha wave
functions over the spheroldal nuclear surface. :hichever case represent: the
true physicsl situation, we see evidence for there being especially preferred
zones For slpha emission on the spheroidal surface. Twntative explanations of
sﬁch non-uniform alpha wave fumctions have been advanced as follows: Lither

the alphe maxina feprasent zones of préferred alpha Tormation, refiectling zones
of greatest probability of finding the most lightly bound nucleons, or the

aipha maxima imply higher order surface defa;mgtions extending the surface in
the regions of the maxima. We may hope from such studies to galn some infor-

mation on surface deform.tions of order greater than two.
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Regerding information on zero-point surface vibration smplitudes it seems
possible that alpha decay can glve us some clues. In the szuz decay scheme
shown in Fig. 7 one notes, in addition to decay groups to the ground rotational
band, decay to & 1- level, probebly to be aassociated with a first-excited
octopole vibretional level, and decay to 2 high-lying 0+ level, associated with
a first excited quedrupole surface vibration of the type preserving cyiindrical
symnetry (6~vibration).zo The intensities of alphs decay to these excited
vibrational states should be & function of the amplitude of zero-point oseilla-
tion. Careful guantitative treatment of the problem hus not been completed yet.
Gualitatively we may consider a semi-classical argnment:‘ Because of {ile strong-
dependence of barrier penetrablility on barrier thickness, alpha emission will
preferentially occwr from s surface element during its maximum outward excursions
in vibration. This preference will lead to a finite probability that the

daughter nucleus is left in e vibrationally excited state following alpha emission.

Conclusion

Qur knowledge of the nucleaxr potential for alpha particles has certalnly
been greatly enhsnced in recent years, principally by alphe elastic scattering
studies. Extension of these studles and further careful opti&al model snalysis
is important, but the short mean-free path of alpha particles in nuclear matter
limits such analysis mainly to exploration of the potential in the nuclear
surface region. There seems to be some problem of non-wniqueness of optical
model fits. In this situation there is great need for theoretical aid of a
fundamental sort, such as estimates in infinite nuclear matter of the real
potential and effective mass for alpha particles at variocus matter densities and
for various velocities of travel. There is, as mentioned earlier; some evidence

from optical model work that the real attractive potentiel becomes more
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Figure Captions

1 A plot from Ref. 3 of total reaction cross section
(fission plus spallation) versus energy for alpha particle
bowbardment of UZSB. The dashed curves are based on
theoretical values of Blatt and Weisskopfa for two

different choices of radius.

2 A plot from Ref. 8 of the experimental ratio of the
elastic scattering cross section to the pure Rutherford

scattering cross section for 40.2 Mev alpha particles.

3 4 plot from Ref. 10 of cross section versus energy for
' 206 207

elastic scattering of alpha particles from Fb ", Pb ,
PdeS, and Bi209 at 42° (in the laboratory system).

L A plot from Ref. 10 of the sharp cut-off radii from
elastic scattering of aipha particles. The radil are
plotted against the cube root of the mass number. The
straight line represents a least sguares best {it.

5 Alpha decay reduced widths, 82, for ground state tran-
sitions of all even-even alpha emiitters are plotied against
neutron number (of the parent nucleus). Barrier penetra-
bilities were calculasted in the upper plot by the usual sharp
cut~-off of a pure coulombic potential, a cut-off radius of

9.3 x 10"13 cm belng chosen to give 52 values in agreement
with one~body theory. Barrier penetrabilities were calculated
in the lover plot using a diffuse nuciear potential defihed
by the Igo-Thaler optical model paramsters for LO Mev alpha
particles.8

¢ Alpha wave functions are plotted versus polar angle on ithe
spheroidal nuclear surface of Cmghz defined in the work of
Basmusaen end‘Hansen.22 Boundery conditions for the solutions
at large distance are based on experimental relative Intensities
of alpha decay groups to O, 2, 4, 6, and 8 spin states in

the ground rotational band of the daughter. All cases represent
a choice of 4 = 0, 2, and 4 vaves 1o phese (+) in the barrier,
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and the reltive phases of £ = 6 and 8 waves are indicated

by signsg in the upper right-hand corner of each of the
four plots.

’ 4
Fig. 7 Alpha decay scheme of sz;z.
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