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ABSTRACT 
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Differential cross sections for the (p,t) reaction leading to many levels 

206 
in · Pb have been ~alculated. Three of the transitions are essentially insensi-

ti,;e to the detailed nuclear description, and are used to confirm the treatment 

of the reaction.· dynamics. One is therefore in a position to use the reacti::m to 

:test nuclear. wave functions. It is found that agreement between observed and 

calculated cross sections for many l~vels is within the assigned err:Jrs and con-

firms the True-Ford wave functions for those levels. 

.. ' 
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I. INTRODUC'riON 

Two-nucle:m transfer reactions, as has already been emphasized: are 

highly sensitive to· the type of correlations that exist between the transferred 

pair in their nuclear state. For this reason they should provide a very impor-. 

tant means of testing detailed nuclear descriptions. The theory .:)f these 

reactions can be formulated in· such a way as to concentrate the dependence :::m the 

nuclear structure in one set of amplitudes, and the dynamical description of the 

1 
reaction in another. Before the full potential of this type of reaction can be 

realized, one has to know that the dyni!mic part can be handled satisfactorily. 

~here has been little opportunity to investigate this point so far. Recently, 

208 ' 
however, differential cross sections for the reaction Pb(p,t) leading to a 

206 . 2 
number of states in Pb were repor~ed. Not only are the nuclear wave functi.otl:3 

in these cases as well known, or better, than in any other nuclei, but the de-

pendence of some of the transitions on the nuclear description is minimal, as we 

explain in the next section. In addition, and of vital importance, is the absence 
I 

of strongly enhanced transitions in the inelastic scattering channels. This 

permits an interpretation of the transfer reaction in terms of the simple direct 

.mechanism as contrasted with the complication attendent on core excitation. 

This note is devoted first to the question concerning the dynamics of the 

two-nucleon transfer reaction. It is found in fact that the probability for a 

direct transfer, calculated in the distorted-wave Born-approximation, gives a 

very good account of the angular distributioris. Thus encouraged to tru~t the 

.......,) calculation of the dynamical par,ts of the transfer amplitude we proceed to a de-

tailed calculation of the cross-sections implied by the shell-ntodel description 

206 3 
of Pb given by True and Ford. 
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' II. THEORY 

For each transition multipole (L,S,J), the informati::m carried in the 

·:huclear wave functions that is relevant to .the reacti::m can be concentrateci into 

l ··a set ·of strtict~re amplitudes GNLSJ in a way described in our earlier vork . 

Here 'N refers to the number of.nodes in the radial function describing the center 

of .mass of the/transferred pait, while. L,S,J refer to the orbital, spin and 

totai anglllar mom~ntum of.the pair~ with respect to the nuclear center. In general, 

several multipoles (L,S,J) can cont]:'ibute to a ·given transition. However for 

(p,t) transitions connecting eve!l-even~nuclei, only one is allowed, the one with 

. S = 0 and L = J equal to the spin of the excited state. Thus for each transition 

we need to specify one set of GN' N = 1,2, .... From our knowledge of the 
207

Pb 

4 
spectrum, we know the--single-particle spectrum. From it we can conclude fairly 

safely that for the low-lying positive 
. ~6 . 

parity states of Pb the dominant c0n-

figurations will involve.only the 3p
1
/ 2 ' 2f

5
/ 2 and 3p

3
/ 2 single-particle states, 

which all belong to the same oscillator shell. The significance of this is that 

for a state having the favoured correlations, ~member o.:t the set of amplitudes, 

" GN, will dominate./ For such a state that value of N will be 

N = (2/(- L)/2 + 1 

=·6 - L/2 (for Pb) 

.. 

.•. 

where the oscillator quantum number of the single particle state n, £ is defined ~-

as JV7= 2(n.:.l)+£. We have thus argued that, for a strong transition to any lY..r-

·lying positive parity level of 
206

Pb, we know the radial state from which the pair 

is t~ken and therefore-can calculate the angular distribution (though not the 

--~··.-.--"·~,..;.. _ __.:.,_ ____ . __ :___, ___ ~--·- .. ,_...._.--~---. 
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magnitude) without a detailed knowledge of the nuclear itrave function. Thus 

+ + + 
• transit ions to the lowest J = 0 , 2 and 4 levels are characterized as 6s, 5.d 

and 4g respectively. This is the meaning of our statement in the introducti::m 

that the nuclear structure enters the.descriptio~ of some of the 
208

Po(p,t) 

transitions in a minimal way. 

II I . RESULTS 

A. Enhanced Transittons: Test of the Reaction Theo:ry 

+ + + 
For each of the lowe~t state of, spin J = 0 , 2 and 4 the angula~· dis-

.. ,. 
tribution for the (p,t) reaction has been calculated. In each case the radial 

function, as we argued in the previous section, is essentially known, aside from 

its normalization. Its assymptotic behaviour should be determined by the energy 

required to remove the pair, leaving ~he residual nucleus in the energy state 

under consideration. In the interior region we represent it by a harmonic oscil-

lator function, If the single-particle states have the oscilla,tor parameter 

.v(=rriJJ/fl) then the center of mass of a pair of nucleons has the parameter 2v .. We 

. . . 3 8 -2 
use the same value as True and Ford, v = 0.1 5 F . In Ref. 1 we suggested two 

possible ways of handling the bad assymptotic behaviour of the harmonic oscillator 

·runctions. The one is that used here. The other consists in using single-particle 

states of a Woods-Saxon potentiaL This will yield a wave function for the center 

of mass of the pair which is improved over a pure harmonic oscillator function ~n 

the sense that it does not not decay so rapidly, and hence will yield improved 

results for the cal~ulated angular distribution as was emphasized recently by 

6 
R. M. Drisco and F. Rybicki. However this function still does not have the 

assymptotic behaviour associated with the separation energy of the pair. \-ie; there-

fore prefer our first prescription. 
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We calculate cross sections using the distorted-'traye- B.:Jrn approximati:n · 

with an interaction between the proton and center of mass of the neutrons hr:tvi"ng 

zero range. The optical model parameters are taken from the litcrature. 7 They 

·are shown in Table I.' The first set of pr'Jton parameters :1-1as used throughout, 

except for comparison with the second as discussed later. 

'. . / 
The ·calculated angular di-stribution for t!'le lo:~-1est state of each spin 

. + + ... / + . · .. 
J = 0 , 2 and 4 are compared in _Fig. 1 with the data of Reynolds, Maxi,;ell and 

I • 

Hintz. The agreement in each case is excellent and tends to confirm the theore-
\ 

tical description of the tw9-nucleon transfer reaction.. (It should be noted that 

some authors .-h~ve used a poi
1

nt-td ton approximation. 
8 

This is not equivalent to 

our assumption 'of a. zero-range interaction, but is additional to it and in parti-

' . . 
cular leads to quite different radial functions for the center of mass of the 

transferred pair. This fact has also been emphasized by Broglia and Riedel. 9 

•.·· 

·However the reaction· is concentrated at the surface to such an extent that both 

radial functions would yield almost the same angular distribution_. though they 

would, in general, lead to different cross sections). 

Table I. -Optical model parameters (Energy in MeV; length in Ferrnis) 

v w -w· r r r a a 
D v w c v w 

r 8 0 1.2 1.428 1.2 .65 . 704 
p 

49 0 18.1 1.21 1.23 1.2 ·77 . 551 

t 160 20 0 1.1 1.6 1.4 ·75 .75 

• 

... 

... ; 

(,.-
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• I 

B. Cross Sect.ions: Test of the Nuclear Model 

Having confirmed the theory of.the reaction mechanism for th"Jse levers 
• 

for which the nuclear structure enters in a minimal way in determining the 

•· angular distribution, we now conside:::- the cross sections to all levels.. The 
I 

. ·206 
wave functions for Pb have been obtained through a shell-model calculati-::m by 

True and Ford . .3 Since 
208

Pb is doubly magic, its ground state wave functiol:, to 

. excellent approximation, will be the pure closed-shell -wave function. The 

structure amplitudes based on these wave functions· were calculated by ~eynolds, 

Maxwell and Hintz. Even without a cal~uLition of the transfer amplitudes one is 

able, as these authors did, to draw conclusions about some relative intensities. 

· However we have proceeded to calculate the cross sections to all levels computed 

by True and Ford to lie below about 3 MeV. Some. of these have small cross 

·.sections and were not observed. Of the observed levels, angular distributions 

to the higher lying levels are shown in Fig. 2. In two cases, the observed peak 

was known to contain a doublet and for these, we compare the summed computed 
/ 

angular distributions. Also shown are the separate angular distributions in 

case subsequent experiments resolve the levels. The integrated cross sections 

for all natural-parity levels, (which alone can be excited in this reaction), 

predicted to be in the energy range considered, are listed in Table II, together 

with !:.he observed cross sections. Our calculation does contain for each level, 

a common factor which we do not calculate, but evaluate by normalizing to the 

4+ 
1 

level. 

Surveying the angular distributions shown in Fig. l and 2 reveals excel-

lent agreement in most cases, the most notable exception being the unres0lvcd 

4+ 
-doublet at 2 MeV, thought to contain the 2 and 7~ states. 
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Table II. Natural parity states of 
206P~ that He below about3 MeV. Experi

mental cross sections are compared vith calculated valu~s. Also listed are 
total calculated cross-sections. 

Level (MeV) 

Calc. 

0 

.725 

L36 

1.39 

1.68 

1.77 

2.06 

2.01 

'' 2.17 

' 2.19 

2.53 
.. d 

2-53. 

2.60 

2.81 

3.01 

3.06 

3.15 

a 
Obs. 

0 

.8· 

1.68 

2. 

2.8 

3.1 

Spin 

31 

91 

51 

72 

4 + 
3 

:::} 
aGroups observed in Ref. 2. 

C~oss Section (mb) 

Integrated over 
b .observed range 

a Obs. Calc. 

140 

500 

< 15 

300 

small 

not seen 

180 

not seen 

not seen 

not seen 

? 

210 

? 

?· ··. 

410 

10 

23' 

300 

2 

ll 

10 

{ 

98 

120 

16 

Total 
' c 

calculated 

131 

550 

14 

31 

650 

6 

32 

llO 

550 

18 

27 

530 

250 

42 

120 

150 

570 

bThe- first four entries are results of. integrating from 10° - 60° and remainder 
frotn 10 o - 30 o. Theory is normalized to the 41 state. 

c Calculated cross section integr:ated from 0° .:_ 180° with normalization to the 4.1 
state. 

"-Trot seen iri expt. or Ref. 2, nor calculated by True and Ford. See Nuc 1 ear d:::t ta ... 

sheets. 

----~~-......:...- _____ ;_:_ ____________ ..t- .. ---- ____ ._ ____ : ·------· --- --- . ·-- ·-------· ----------- --··---------~----------------·· __ :...__ ___ ;;__ -·- ·-

• 

•• 

• 
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ho~ever, the ang~lar distribution fat a"process in which the transf~r of angu-

lar momentum occurs mainly in the surface region is not particula::::'ly sensi tL·e 

• 
to the details used to describe the reaction, \·:hen a s:ingle multipole alone is. 

•• allm~ed. Of course each multipole generally has its own angular distribution . 

Therefore the angular distribution, in cases where several rnul tipoles are al-. 

lowed, will depend upon the details, since they determine the weight with 

which the individual multipoles contribute. HOi~ever that is not the situation 

for the reaction considered here' so we have to look td the absolute eros s 

sections to provide a more stringent t~st of t)1e nuclear 'i-Tave functions. 
I 

Table II shows that levels for which small cross sections are calculated are 

either not observed, or only weakly ~xcited. Of the more strongly excited 

levels, the agreement is generally good. Undoubtedly some uncertainty should 

be attached to the calculated cross s.ections due to ambiguities in the optical 

model parameters, neelect of finite-range effects, etc. An uncertainty of 30% 

is 6ften q~oted for single-nucleon transfer reactions although relative cross 

sections should be better deter~ined. There is also ~n uncertainty in the 

measured cross-sections of ±20%. The experiment and theory agree within the 

combined errors in all cases. Agreement within such a large error is perhaps 

more significant than one would· at .first consider, inasmuch as transition ~ates 

are a rather sensitive probe of the wave funct~ons. 

The greatest discrepancy seen in Table II occurs for the ground state 

transition. It is actually to this transition that the neglected ground state 

correlations consisting of excited pairs in the neutron shell above N = 126 

would make their contribution. While such admixtures may be small, they are 

coherent. 

--- .... ~--------~------~~~.1.---·'----·--------- - - -- --~--------·------·- --- -····- --- ---·- -
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The 9 level, calculafed to be at 2. 6 f.t2V was not seen in. the expe.ri-

ment. Since its calculated cross-section is of an easily observed magnitude 

and since the calculated cross-section for the near lying 5 level falls shoft 

of what is measured, we suggest that. the group at 2.8 MeV acutally contains 

both the 9- and 5~ ,levels. ·Similarly the 4
3 
+ level calculated to be at 3. 01 

MeV probably contributes to the groups observed at J.l MeV, as \vell, possibly,. 

as the 7
2
-, 

In connection with Table II it should also be noted that almost the 

entire transi tiori strength for each mt~tipo~e is gathered into a single state. 

This is of course a reflecti,on of the sensi-tivity of the reactions to certain 

correlations betwe.en the pair (~n this case 1's), so that states possessing the 

favoured correlations are favoured. · 'I'hat the lowest state of each spin is the 

one that possesses the favoured correlations is a reflection of the importance 

· of the attractive singlet-even part of the interaction in binding that state. 

The last column in Table II showsthe calculated total integrated cross-

section to each level. Summing the contributions for each multipole ( shmm in 

Table III) provides a crude measure of the validity of the classical argument 

for kinematically favoured mtiltipole transitions based on the momentum trans-

fer and impact radius. 

Table III. Total cross section going to each multipole in the 208Pb(p,t) reaction 
at E = ·40 MeV. p 

J o+ + 4+ 5 - 6+ 7 
- 9.,. 2 

cross section ! 180 630 880 400 570 590 530 
. (mb) 

• 

-· 

• 
(_ / ., 
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C. Dependence on Parameters 

Nuclear description. Reactions involving complex particles, such as 

• 
tritons, are fairly strongly localized in the surface regiori and for this 

. 10 
•· reason some loss of sensitivity tp the nuclear description must be expected. 

This loss of sensitivity is registered mainly in the. angular distribution 

rather than the magnitude of the cross section. Thus a state possessing the 

parentage and correlations favourable to a given reaction will have a larger 

· cross section,. though perhaps not such a different angular distribution, .than 

another state of the same multipolari t,.y but unfavoured, whenever only one 

multipole is allowed. We have calculated the cross-section for four cases, 

supposing that the. nuclear description for the ground state transition of the 

208
Pb(p, t) reaction was such as to yield a pure 6s, 5s, or 4s state (with unit 

amplitude) for the center-of-:-mass motion of the transferred pair and also a 

mixture of 5s and 6s that corresponds to the 0
2 

state except for normalization. 

The differences between the results, shown in Fig. 3, are rather minor and de-

manp a very close comparison With eKperiment fn order to distinguish beh1een 

them. He have shown the experimental angular d.istribution, and the agreement 

with the 6s result is so good as to permit the distinction. But the point is 

made nevertheless, that the agreement must be near perfect before one cari 

draw a conclusion based only on an angular distribution when one multipole 

alone is allowed by the selection rules. 

Optical model para.meters. Two sets of proton parameters, one corre-

sponding to volume and the other to surfa,~e absorption were used. Their . 

effect .on the angular distributions for the o
1 

and 2
1 

transitions. ar~ shol·m 

in Fig. 4. The volume absorption leads to substantially better results. 
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IV. SUMMARY 

?Q~' 
Differential cross sections to all levels below about 3 NeV in '"' 

0
Pb 

that can be excited by the (p,t) reaction have been calculated using tile dis-

torted wave method, under the assumption of a simple direct transfer as dis-

tinguished from sequential transfers or excitation of the core. The angular 

distributions of several of the transitions are insensitive to the details of 

the nuclear wave functions and· these were used to provide a test of the reac-

tion,mechanism assumed. These angular distributions are in near perfect 

agfeement with experiment. The integr~ted cross sections for many levels 
'I 
"t, 

··using True and Ford is .wave functions, were compared with the experimental data. 

The agreement -a't worst was about, ·a .factor 2. Since transition rates provide 

quite a stringent test of the nuclear description it is felt that the True-

Ford wave functions provide quite 'an accurate description of most of the states, 

particularly s.i.nce some or all of the descrepancy could be blame.d on the summed 

errors:of the experiment and reaction calculation. 

Of more general interest we conclude that when there is good reason to 

. believe that the simple. d-i-rect process dominates a double transfer reaction, an 

analysis i!'l ,terms of th~ /theory employed here11 can be used to test the nuclear 

.wave functl~ns: ,-~uch pr~grams have already been reported by several authors. 9 ' 12 

. r:. 

• 

•• 
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FIGURE CAPI'IONS 

Fig. 1. Differential cross s~ctions for the first 0 +, 2 + and 4 + states in 206Pb 

excited by 40 MeV protons in the (p,t) reaction. Solid lines are calculated 

as described in Section III .A. Data is from Reynolds, Maxvrell and Hintz, 

Ref. 2. 

Fig. 2 ... Differential cross sections for higher levels in Pb
206 

excited by 40 HeV 

protons in ·t
1
he (p,t) reaction .. Solid lines are calculated as described iri. 

Section III.A and B. 

Fig. 3. 208 ' 
Differential cross,sections for the ground state transition in Pb(p,t) 

for 40 MeV protons calculated under the three different assumptions that the 

neutrons are transferred from a center-of-mass state 6s, 5s and .4s respectively, 

and also from the mixture of 6s and 5s indicated. 

·Fig. 4. Angular distributions for 
2?8

Pb(p, t) leading to the ground and first 

206 
excited state of Pb for 40 MeV protons. Solid curves correspond t::J volm1e 

absorption iri optic parameters of proton, while dashed curves correspond to 

surface absorptio~ (see Table I). Solid and dashed curves are independently 

normalized to the data . 
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MeV) 

IIUBi389B 

· Fig. 2. Differential cross sections for higher levels in Pb
206 

excited by l~o MeV 
protons in the (p,t) reaction. Solid lines are calculated as descriped in 
s·ection III.A .and B. 
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Fig. 4. Angular dist2igutionsfor 
208

Pb(p,t) leading to the ground and first 
excited state of 0 Pb for 40 MeV ~rotons. Solid curves correspond to 
volume absorption in optic parameters of proton, while dashed curves cor
respond to surface absorption (see Table I). Solid and dashed curves are 
independently normalized.to the data . 
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This report was prepared as an account of Government 

sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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