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* (p,p:xn) REACTIONS ON 208Pb IN TIlE 24-52 MeV RANGE 

H. Kawakami, M. Koike, K. Komura 

M. Sakai and N. Yoshikawa 

Institute for Nuclear Studies 
University of Tokyo 

Tanashi, Tokyo, 188, Japan 

and 
R. Donangelo and J. o. RasmuSsen 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California, 94720 

ABSTRACT 

The cross section for the reactions 20 8Pb (p,pn) 2 0 7mpb, 20 8Pb (p ,p2n) 

20sIDpb have been measured for 24, 28, 36, 44, 52 MeV incident protons. 

The experimental results are shown to be co~sistent with the clean knock

out mechanism for the (p,pn) reaction and with knockout of one neutron 

followed by evaporation of another for the (p,p2n) reaction. We deduce 

a theoretical formUla for the cross section for these reactions. 

NUCLEAR REACTIONS 208Pb(p,pn) 207mPb, ~08Pb(p,p2n) 20SmPb, 

E = 24, 28, 36, 44, 52 MeV, measured a (E). Enriched target. 
p' 

* Work performed done under the auspices of the Japanese Ministry of 
Education and the U. S. Energy Research and Development Administration. 
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. 
1. Description of the Experiment 

The 52-MeV extracted proton beam from the synchrocycletron at the 

Institute for Nuclear Study (INS) , University of Tokyo, was used to irrad

iate enriched 208Pb at 24-, 28-, 36-, 44- and 52- MeV. The incident proton 

energy was adjusted by carbon plate absorbers. The average beam current • 

was about 1 nA. The target used was meta.Hic foil of an enriched iso-

tope (99.9%) of 20 8Pb. A target foil of 8. 3mg/ cm2 thickness . (for the 

excitation ftmction) was prepared by electrodeposition. A thicker one 

used for the life-time measurement at 44-MeV was made by rolling and was 

12.8 mg/cm2 thick. 

The Ge (Li) detector used was 40 cm3 in effective volume. The energy 

resolution was 2.5 keV (FWHM) at 1.33 MeV. The detection efficiency E . y 

was calibrated with IAEA standard sources 137CS and 60Co placed at the 

target position. Overall errors for the cross sections were estimated 

to be 25% .. The y-ray spectra were analyzed with an automatic peak search 

* program. The computer used was the TOSBAC 3400 at INS. The FM cyclotron 

pulse width of 0.078 ms was used, with delayed gannna rays cOlUlted in the 

1.06 ms interval between beam pulses. 

-+ + The delayed 802.9 keV (2 -+ 0 ) y-rays were cOlUlted from 0.053 to 
1 g 

0.352 ms (0.299 ms) in the decay curve after the beam pUlse. The prompt 

y-rays have completely decayed out earlier than 0.053 ms.· The cross sec-

tion for forination of the 0.12 ms 7- isomer at 2.2 MeV in 206Pb was cal-_ 

culated from the intensity of the 802.9-keV gannna ray. 

The excitation function for the reaction 208Pb(p,pn) 207mPb (13/2+ 

isomer of 0.80-sec half-life at 1.623 MeV) was measured with the 1063.7 

* . 
K. Komura, University of Tokyo, Institute for Nuclear Study, Report No. 
INS-TCH 9, 1974 (lUlpub~ished) (in Japanese). 
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and 569.8-keV y-rays. The half-life of this state has been reported to 

be 800 ms. The decay correction was not made for the calculation of the 

cross sections, since this half-life is much longer than the duty cycle. 

Singles y-ray spectra were also observed with the debunched proton 

beam. The cross section associated with the 2+ state in 206Pb was es

timated from the 802.9 keY (2+ ~ 0+) Y ray, and similarly the 569.8 
1 g 

keY (5/2 1/2-) transition in 207Pb was used to calculate the 5/2-

state cross section. The numer~cal values for these cross sections 

are given in Table I. 

2. Reaction Mechanisms 

We will classify the possible reaction processes in two broad cate

gories: (a) those in which the incident proton interacts strongly with 

only one or two nuclear neutrons which leave the nucleus with little or 

no excitation. (b) those where the incident proton leaves the nucleus 

in an excited state above the neutron binding energy (after maybe 

knocking out a neutron in the process). The excited nucleus usually de

'cays subsequently by the evaporation of one neutron. 

Using the notation of Grover and Caretto(l) we will designate as 

Clean Knockout (CKO) the process described in (al and as Inelastic 

Sca~tering followed by Evaporation of a neutron (ISE) the one described 

in (b). 

When we consider the CKO process applied to the 208Pb(p,pn)207mpb 

reaction we see that the contributions to the 5/2- and 13/2+ final state 

cross sections result from knocking out a neutron in the 82-126 neutron 

shell, since knockout from deeper orbitals would excite the nucleus above 
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th~ neutron binding energy. Making the obvious simplifying assumption 

that the neutron was ejected at random from this shell, we get immediately 

that the orbitals contributing to the 5/2 isomer are the f5/2 the 

f7/2 and most probably the h9/ 2, while the only level that gives its 

contribution to the 13/2+ isomer is the i 13/ 2 itself. 

Assigning its degeneracy (2j+l) to each level we see that this model 

predicts a level population ratio of 

( 
5/2- ) _ 24 ~ 
13/2+ eKO ~ 14 ~ 1.7 

Let us consider now the prediction of the ISE mechanism for this same re-

action. In this process the incoming proton excites a nucleon to an 

empty bound state; in the case of a neutron to some state in the 126-184 

shell, leaving a hole in the 82-126 shell. We should remark at this 

point that the results we obtain here would not be much changed had we 

considered a proton as the excited nucleon with the· hole to be in the 

50-82 proton shell. We shall hereafter refer to the 50-82, 82-126, and 
th th . th . 126-184 shells as 4 , 5 and 6 , respectlvely, understanding that 

these shells contain a high j orbital of the next higher oscillator shell. 

In order to calculate the angular momentum of the excited 208Pb 

nucleus (which will be very close to that after the neutron evaporation,_ 

since this evaporating neutron can carry but little angular momentum) 
th -we have to couple the angular momenta of the 6 shell neutron and of the 

5th shell neutron hole. The assumptions we make here in order to facil

itate the calculation are that the neutron is ejected from a random 

state in the 5th shell and then fills a random state in the 6th . Such 

, 
.i 

f i 
; 

, 



• 

" 

7 '1 
-5-

an assumption implies a short range interaction in which all momentum 

changes are equally favored. Longer range parts of the interaction 

would give some weighting toward lower. angular momenta . 

On this basis we assign to the neutron, the average angular IOOmentum 

of the 6
th shell which a quick computation shows to be about 5h and 

similarly to the hole the average of its shell or -4h. 

By coupling these two angular momenta with random orientations we 

find that the probability PCJ) of obtaining a total angular momentum 

J is: 

PCJ) 
1 = 9 ffi [ < J m + 4 I 55 4 m > ] 2 = 2J + 1 

99 

1 ~ J ~ 9 

- + Assuming now that each state J goes into the isomer 5/2 or 13/2 
l 

which is closer to it in angular momentum, then the ISE model gives as 

a value for the isomer ratio. 

. (5/2- ). 
, 13/2+ J ISE 

= 

since the experimental value is 

4 
2: PCJ) 

J=l 

9 
~ PCJ) 

J=5 

.(5/2-) ~ 2.1 ± 0.6 
13/2+ EXP 

~ 0.32 

the CKO model prediction is in good agreement, while the ISE model theor-

etical result is in strong disagreement with the experimental result. 

The isomer yield data supports then the CKOlOOdel for the 208PbCp,pn) 

207mpb reaction at these energies~ 
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For the 208Pb(p,pZn) 206mPb reaction we consider first a process 

siffiilar to the CKO consisting of the ejection of two neutrons by a double 

knock-out that leaves the resulting nucleus without sufficient energy to 

evaporate a neutron. We call this process KOZ, know~out of two nucleons. 

By coupling the angular momenta of two holes in the fifth neutron shell 

we get the angular momentum distribution of the states of the final nucleus 

+ -and by assigning these states to the Z and 7 isomers by the same rule 

used before (each state gives its yield to the isomer closer in angular 
" "- + 

momentum to it) we obtain (see Table II) (7 /Z )KOZ :::::: Z.O. This is 

considerably larger than the values fotmd experimentally (7-/Z+)EXP :::::: 0.6 ± 

O.Z. We do not expect the reaction mechanism for the (p,p2n) reaction to 

be very different from that of the (p,pn) reaction. Hence, we next 

consider the process consisting of the incoming proton ejecting a neutron 

by direct·reaction but leaving the residual nucleus with eJ]ough energy to 

allow the evaporation of one neutron (KOE). Logically, the neutron 

ejected is usually from the fourth shell, so as to leave the intermediate 

~o7Pb nucleus sufficiently excited as to evaporate another neutron. 

Since the evaporated neutron changes little the final angular 

momentum, the states of the excited 207Pb will decay to the 206Pb isomer 

closer to it. in angular momentum. Therefore, the levels contributing to 

the Z+ isomer yield are the sl/Z' d3/ Z' dS/ 2 and g7/Z while the hll/2 

contributes to the 7- isomer. 

This gives an isomer ratio: 
- + . . 

(7 /2 )KOE :::::: 12/Z0 = 0.60 in accord 

with the experimental result. 

• 

".) 
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We conclude then that the isomer ratios for isotopes one and two 

neutrons less than the target are consistent with a reaction mechanism 

consisting of one direct neutron ejection by the incoming proton with 

(CKO) knock-out from orbitals in the first shell below the Fermi energy 

leading to the (p,pn) reaction ,and (KOE) knock-out from the second shell 

below.the Fermi energy leading to the (p,pZn) reaction. 

We should remark here that we regard the deuteron emission by the 

pickup process (p,d) as a particular case of the CKO reaction mechanism 

for the (p,pn) reaction. 

Similarly the deuteron emission followed by evaporation of one 

neutron is a special case of the KOE mechanism for the (p,pZn) process. 

The double neutron pick up (p,t) channel corresponds to the discarded KOZ 

reaction mechanism. 

These (p,d) and (p,t) processes account for only a small fraction 

of the (p,pn) and (p,pZn) reactions. From the integration of da/dn 

over all angles for the data obtained by Sakai and Kubo(3) , we estimated 

the total cross section for the 208Pb(p,d) reaction at 55 MeV to be 16 mh; 

this is much smaller than the comhiJ?ed l3/Z+ and 5/Z- 208Pb(p,pn) 207mPb 

cross sections at this energy which is about ZOO mh. 

Similarly Gonzalez-Vidal and Wade(4) give an integrated cross sec

tion of 5.Z8 ± 0.53 mh for the (p,t) reaction on Pb at 3ZMeV, which is 

also much smaller than the 208Pb(p,pZn) 206mPb reaction cross section 

at the same energy. 

The fact that the isomer yield ratios suggest certain processes does 
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not imply that the others do not occur at all, but only that their con-

tribution is small. For this same reason we have not considered other 

processes, such as compound nucleus formation, which give a small contrib

ution to the total cross section. 

The conclusions we reached here are in agreement with the analysis 

made by Rao and Yaffe(S) on the proton induced reaction in lelTa. 

3. Cross Sections and their Energy Dependence 

From our discussion on the isomer ratio evidence in part 2 we reached 

the conclusion that these reactions are peripheral. We now attempt to 

formulate a quantitative expression for their cross sections. 

According to Wong(6) the total charged particle nuclear reaction 

cross section can be expressed approximately as 

where E is the charged particle energy 

E is the height of the Coulomb barrier o 
1 

hw = ti [ d2V(r)/dr2IR / 11 ] '2 
a 0 

11 is the reduced mass 

VCr) the. effective (nuclear + Coulomb) potential for the reaction. 

Rois the nuclear radius, calculated from dV(r)/dr I Ro = 0 

Using the facts that the reactions are peripheral and that the Cross 

section is dominated by the exit proton penetrability we take the cross

section for the invers~ reaction as given by: 

= do CE t)/dR I ·~R w ou 0 R 
o 

(2) 

# l 

" : 
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Here E t is the proton energy after 'the reaction (which equals the inou 

coming proton energy in the inverse reactioh) and ~R is a parameter rep-

resenting'the thickness of the nuclear surface region where the reaction 

takes place 

Using detailed balance 

E. is the incoming pro,ton energy. 1n 

(3) 

From equations (1), (2) and (3) we obtain the expression for the 

cross section: 

aCE. ) = (~/E. ) {R hw R.n [ 1 + exp (2iT(E-E )/hw )) + 1n ~ 0 0, 0 0 

iT R E [1+ exp (-2iT(E-E )/hw) ]-1} (4) 
o 0 0 0 

The energies E. and E t are related through the ejected neutrons . . 1n. ou 

separation energies 

(p,pn) ~ Ein = Eout + a Sn 
1 

(p p2n) ~ E. = E + a' S + S , 1n out nn 
1 2 

a and a' (1 ~ a, a' ~ 2) are parameters included to take into account 

that more energy than the threshold binding ~nergies is required on the 

average to relIDve a neutron. 

Ro and hwo were determined by taking a potential 

VCr) = (Ze2/r) - Vo { 1 + exp [ (r-R)/b)}-1 

The values taken for the parameters in this potential are(S) 
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'R = 1. 25 Al / 3 Fm 

b = 0.65 Pm 

v = 30 MeV. 
o 

"The parameters' a, al'and ilR were fitted to the experimental results. 

, Besides our 20 apb data we fitted the Raoand Yaffe (2) data for the • i 

lalTa(p,pn)laO~a reaction. The values of the parameters are listed in 

Table III and the cross ,sections are plotted 'in Figs. 1-3. 

That this simple express~on fits the energy dependence of the cross 

sections is mainly a consequence of the dominant importance of barrier 

transmission by the outgoing proton, which must be at least lower ill en

ergy than the incoming proton by the neutron binding energy, regardless 

of the exact mechanism. The excess of, a or a' over rnity (Table III) 

represents the finite kinetic energy carried off by the neutron(s)on the 

average. The fact that a. is as large as 1.5 for the (p ,pn) reaction points 

to several MeV average kinetic energy of the neutrons and favors. the CKO 

mechanism as dominant over ISE. 
, , 

To test for' consistency of our inference from isomer ratios that the 

first neutron mainly goes by direct knockout we have searched the liter

ature for (p,p') double di~ferential cross section measurements compar

able to our work. The closest comparison we have fornd is the (p~p') 

work of Nonaka et al. (7) on Bi targets. If the a values were strictly 

rnity and the ISE mechanism dominated, then the integration of 
dEcill 

d2a 

(over energies between one neutron binding energy below the 

elastic peak and two neutron binding energies and over all angles) would 

be roughly equal to or lessth~ the (p,pn) cross section, decreased only 

to the extent that gamma de-excitation might compete with neutron 

! - , 



o a 

-11-

emission. The (p,2p) reaction is probably negligible. Instead we find 

that the total cross section for the (p,pn) reaction on Pb is about twice 

this area (-200 mb as compared to ~lOO mb). This is in contradiction with 

the ISE mechanism and implies that lower energy protons, (and higher en

ergy neutrons, therefore) must ,also be emitted, such as occurs under the 

CKO mechanism assumption. 

We should keep in mind that we are comparing data for two different 

nuclei, so that this conclusion, even if suPported by the isomer ratio 

evidence, is not decisive, and a final check should be made when data on 

the (p,p') reaction on 208Pb becomes available. 

Another interesting question, which the (p ,p') data can best probe, 

is to what extent the (p,pn) r~action goes via resonance intennediates, 

either giant resonances o'f some muitipole or particle-hole doorway. 

states. The published (p,p') data on 209Bi'are not fine enough in angular 

mesh to integrate with any confidence the area under the resonance struc

ture between one and two neutron binding energies below the elastic peak 

but we have attempted a rough integration of both continuum and resonance 

contributions, obtaining 90 mb and 9 mb,re~pectively. Thus, the res

onance intermediates account for only a few'percent of the total (p,pn) 

product yield. 
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TABLE I 

Excitation Functions for the Reactions 208Pb(p,pn)207mpb and 208Pb(p,p2n)206mpb 

E 207mp 2,06~b 
P . b 

13/2+ - - 2+ (MeV) 5/2 7 
.. .' C1(mb) C1(m~) C1(mb) C1(mb) 

24 21 ± 4 2 ± 1 

28 45 ± 9 8 ± 3 

36 58 ± 12 34 ± 11 

44 58 ± 12 120 ± 25 57 ± 18 95 ± 20 

52 65 ±13 57 ± 18 
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TABLE II 

. h 5th 11 Coupling of two holes ln t e Neutron Sp.e . 

J 0 1 2 3 4 5 6 7 8 9 10 11 12 

No. of States 11 12 90· 70 171 110 169 105 109 57 84 23 50 

, 

2+ • 
, I 

• 7 
-. 

TABLE III 

Parameters used in the calculation 

Ro (Fm) hwo(MeV) t.R(Fm) a or a' 

20 8Pb (p, pn) 2 0 7mpb 9.7 8.0 0.17 1.52 

208Pb (p,p2n)206mpb 9.7 8.0 0.17 1.35 

181 Ta (p,pn) 18°ffi.ra 9.4 7.8 0.42 1.16 

i . , 



Figure 1. 

Figure 2. 

Figure 3. 
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Figure Captions 

Theoretical excitation curve for the 208Pb(p,pn)207~b 

reaction (13/2+ isomer). The data are from this work. 

Theoretical excitation curve for the 208 (p, p2n) 2 0 6~b 

reaction (7 isomer). The data are from this work 

Theoretical excitation curve for the 181Ta(p,pn)180~a 

reaction. Data from Rao and Yaffe (2) 
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