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Abstract 

The first excited state of 
206

Pb ( 2 + ,803 keV) was produced by Coulom(l . 

excitation using 170 MeV 
40

Ar projectiles, and the mean life of this state was 

determined by the recoil-distance Doppler-shift method to be: T = (13.2±0.8) ps. 

t Work performed under the auspices of the U. S. Atomic Energy Commissibn: 

:FNATO Fellow:. On leave of absence from CEN de Bordeaux, Gradignan, France. 

-rt On leave of absence from Osaka University, Osaka, Japan. 
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l. Introduction 

Th d bl l 206 b . . . t t t t . . t. l e ou y even nuc eus P 1s. a conven1en arge o use 1n proJec 1 e 

reorientation studies and in particular for projectiles-with high-lying first 

excited states. In these cases, for bombardment at the same fraction of the 

l barrier energy, the largest yields, as well as the largest reorientation effects-) 
I 
I 

in the proj.~ctile, are obtained with the highest Z targets. However, in such 

. + studies as that of ref. 2, where the yield of the f1rst 2 state in the projectile 

is determined relative to that of the first excited state in the target (so as 

to minimize errors in the instrumental corrections), it is necessary to know 

rather accurately the B(E2) of the target excitation. That is, the B(E2) and 

quadrupole moment of the projectile are sensitive to the target values. Since a 

search of the literature produced a rarige of measured B(E2) values for the 

803 keV, 2+ level in 206Pb (ref. 3, 4, 5, 6), it was essential to try to redeter'"" 

mine this value more accurately. The several-picosecond lifetime of the state and 

the possibility of Coulomb exciting it by high 

try to apply the recoil-distance Doppler-shift 

. 40 
energy Ar 

7 8 method ' ) . 

2. Experimental Method 

projectiles led us to 

The experiment has been performed at the Berkeley HILAC using a 170 MeV 

argon beam of 'V 2 nA intensity. The thin target of enriched 206Pb(l.48 mg/cm
2

) 

was evaporated onto a nickel foil 0.1 ~m thick. This was then stretched on a 

ring_ holder to get a surface as flat as possible. The y_ rays were recorded 

by a 35 cm3 Ge(Li) coaxial detector at 0 degrees to the_beam and operated in 

coincidence with the backscattered 40Ar projectiles detected by a silicon ring 

counter. The recoiling 206Pb nuclei were stopped at different distances from 

the target with a flat bismuth plunger. This distance, d, could be read to 
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±0.1 mil. Comparison of the relative intensities of the Doppler-shifted (s) 

and unshifted (u) transitions as a function of the distance between the target 

and the plunger allows determination of the mean life.ofthe transition under 

study if the average recoil velocity is also accuratelyknown. This velocity 

has been evaluated from the energy difference between the shifted and unshifted 
I 

lines, ~E, after correction for the effective solid angle at the Ge(Li) detect6r. 

That is given by the expression: 

~E (l-132)1/2 . ( 
E = B(l-cos 8 ) Log 

o . c B cos e 
c 

(B+l) (1-cos e
0

) 

- cos e0 + [(cos e0-B cos ec)
2 

+ (1-6
2

) 
. ) l 

sin 2e ]1 / 2 -
0 

where ec is the half-angle subtended by the counter, eo is the angle between 

the axis of the counter. and the direction of the recoiling nucleus, E
0 

is the 

energy of the unshifted.line, and B = v/c. The effective velocity so meas-' 

ured was v = (0.0265±0.0003) c. 

3. Iiesults 

Figure l shows a few of the spectra obtained as a function of the 

stopping distance. The variation in the relative intensities of the shifted and 

unshifted peaks can be clearly seen. 

A number of corrections had to be made to the experimental data. These 

·are: 

- Subtraction of the background. As can be seen, reasonably cl·ean 

spectra were obtained by Coulomb excitation in coincidence with the backseat-

tered particles. The background is flat on b:::>th sides of the peaks and the two 

peaks (u,s) are well separated (20.5 keV). The small number of accidental coin-

cidences were first subtracted, ·and then the background was fitted by a third-

order polynomial curve and subtracted from under the peaks. Errors coming from 

this analysis are shown with final results, Fig. 2. 

:-····· 
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- Variations in the solid angle of the gamma-ray counter caused by the 

movement of the plunger. This correction is quite_small because of the short 

distances involved in moving the plunger relative to the target-Ge counter dis-

tances. The maximum effect~ corresponding to the largest separation distance 

J 
leads to a decrease of 0.4% in the unshifted-peak intensity. 

- Variation in the counter efficiency for the shifted (higher energy) 

peak, compared with the unshifted one. This correction leads to an increase of 

3% in the shifted-peak intensity as deduced by the measured efficiency curve. 

- Correction of the shifted transition intensity for the change in the 

angular distribution and solid angle at the Ge(Li) counter due to the motion 

of the recoiling nucleus. The correction at 0 deg to the beam direction s(O) 

is added to the angular distribution 

W(~)~=O = 1 + A2Q2 + A4Q4 and has the value (to first order in v/c): 

where A
2

, A4 are the usual angular distribution coefficients, and Qi (i = l to 5) 

are the finite geometry correction factors calculated for the given geometry. 

This correction yields a decrease in the shifted peak intensities of n;. 

4. Discussion 

. . + 
In the analysis, the feeding of the 2 state .from higher states has been 

assumed negligible because of the very small probability of exciting the higher 

states in 
206

Pb by the Coulomb excitation process with 40Ar projectiles of the 

energy used. With this assumption, calculations start from the well known 

relation: 

dN 1 - = AN dt 
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and the definitions: 

A = 1/T 

I (shifted) JT dN (- -) dt 
s dt 

0 

I (unshifted) = f 00 (- dN) dt 
u T dt 

where T is the time after the excitation corresponding to the stopping dis~ 

tance, d. 

If we assume no dependance on time for the angular distribution of the 

y rays we have: 

where W(lJJ) ·is the angular distribution and n
0

, the number of counts at ,t 

In this case we can write for 1Ji = 0 deg 

and 

I 
u 

F = -~--=-
I + I 

u s 

-AT 
e 

-AT = e 
-A~ = e v 

where d is the stopping distance. 

= 0. 
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In fact, before integrating, the deorientation effect9) cau:,;ed by the 

large hyperfine field acting on the recoiling nucleus in vacuum, must be taken 

into account. This is done by including attenuation coefficients in the angular 

distribution as defined: 

where 

t 

Gk(t) = e Tk (k = 2,4) 

T 
c 

' . 

T C is the correlation time, pk is related to the nature of the hyperfine 

interaction, and w 

field. 

is the average Larmor 
\ 

frequency due to the hyperfine 

The angular distribution thus depends on time and can be written for 

1J; = 0 deg 

We can write now: 

W(O,T) foo e-At dt 
T 

(In the second case the nucleus is no longer recoiling in vacuum, but stopped 

by the plunger, and it is assumed that the angular distribution remains 

unchanged during1 the short lifetime in the solid bismuth). 
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To determine W(O,t), the A
2 

and A4 coefficients have been calculated 

. 10) using the deBoer-'Winther program for the case of projectiles scattered 

between 142 and 161 deg to the beam direction (ring geometry). The coef-

ficients G
2
(t) and Gl.~(t) have been evaluated by measuring the intensity of 

gamma rays at 45 deg and 90 deg to the beam direction in coincidence with 

back-scattered projectiles. The experimental ratio of the yields was compared 

with the theoretical one using th.e integral attenuation coefficients: 

G (k 2 4) = A1 00 

G (t) e-At dt = _T...;;;k;__ 
k = ' . O k T + Tk 

We further assumed a magnetic dipole interaction9 ) to obtain a simple relation 

between G
2 

and G11 or G
2
(t) and c4(t) namely, p

2 
= 2, P4 = ~O This permits 

the determination of Tk frorri the comparison of the yield ratios ·with an 

approximate value for T. 

Finally, a least-square-fit program has been made to obtain the best 

value of the'mean life, T, from the corrected values of F(d) as a function 

of the distance. Figure 2 shows the corrected experimental data points for 

F(d) vs. the stopping distance and the line is the best-fit curve. We find: 

T = (13.2±0.8) ps 

and using a value of aT < 0.01 for internal correction, calculated from ref. 11, 

we deduce: 
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5. Conclusion 

The value of B(E~, 0+-+ 2+) found is slightly smaller than those 

previously deduced by other methods, and we feel, more accurate, as is shown 

in 'I'able I. 

Acknowledgments 

The authors would like to express their appreciation to Drs. K. H. 

Maier and J. R. Leigh .for discussions and help .. They also wish to thank the 

Berkeley HILAC crew for stable beams, and Mr. T. Gee and Mrs. R. Garrett for 

preparing the targets .. Two of ~s (J.L.Q.) and (K.N.) are grateful to 

Professor I. Perlman for the opportunity to participate in this experiment 

at the Berkeley Lawrence Radiation Laboratory. One of us (J.L.Q.) wishes to 

express his gratitude to NATO and to the CNRS (France) for financial support. 

r r• 



-9- lJCRL-19 55 5 

References 

1) J. de Boer and J. Eichler, Advance in Nuclear P~ysics, ed. by M. Baranger 

and E. Vogt, Vol. l, (Plenum Press Inc., New York, 1968) 

2) K. Nakai, J. L. Quebert, F. S. Stephens and R. M. Diamond, "Quadrupole 

. 28 . 32 40 " Moments of First Excited States ln Sl, . S, ' Ar, . to be published 

3) P. H. Stelson and F. K. McGowan, Phys. Rev. 99 (1955) ll2 

4) R. Barloutaud, Rapport CEA No 1531 (1960) 

5) 0. Nathan, Nucl. Phys. 30 (1962) 332 

6) A. z. Hrynkiewicz, S. Kopta, S. Szymczyk, T. Walczak and I. Zuzniecov, 

Nucl. Phys. 79 (1966) 495 

7) K. W. Jones, A. Z. Schwarzschild, E. K. Warburton and D. B. Fossan, Phys. 

Rev. 178 (1969) 1773 

8) R. M. Diamond, F. S. Stephens, W. H. Kelly and D. Ward, Phys. Rev. Letters 

22 ( 1969) 546 

9) I. Ben Zvi, P. Gilad, M. Goldberg, G. Goldring, A. Schwarzschild, A. Sprinzak 

and Z. Yager, Nucl. Phys. Al2l (1968) 592 

10) A. Winther and J. de Boer, California Institute of Technology Report, 

November 18, 1965 

11) L. A. Sliv and I. M. Band, Alpha-, Beta-:, and Gamma-Ray Spectroscopy, ed. 

by Kai Siegbahn, Vol. 2, Appendix 5, (No:r:th-Holland Publishing Co., 

Amsterdam, 1965). 

II 



Reference 

3 

4 

5 

6 

Present work 

-10-

Table l. 

B ( E2 , 0 + -+ 2 + ) ( e 2b 2 ) 

l +0. 02 
0.11 

-0.04 

l +0. ~· 02 
0.16 ' 

-0.06 

0.115 

0.13 ±0.05 

0.108 ±0.010 

0.091 ±0.006 

UCRL--19555 

,. 



-11- UCRL~l9555 

Figure Captions 

Fig. l. Gamma spectra from the 2+ -+ 0+ transition (803 keV) in 206Pb at 

different stopping distances. One can see the variation of the shifted 

and unshifted line intensities with distance. 

Fig. 2. Plot of Log 
Iu 

(I + I ) vs. the separation distance between the target 
u s 

and plunger. The symbols are the experimental points and the straight line 

is the best fit result. 

II 



(/) -

60 

40 

20 

20 

-12-

2 +_ 0 + ' ' 2 +- 0 + 
Unshifted Shifted 

d=2 mils 

d=6 mils 

; 0 0 ~-r--~--~--+---~~~ 

u 
60 d= 10 mils 

40 

120 d = 23 mils 

700 800 900 
Energy (keV} 

Fig. 1 

UCRL-19555 



-13-:- UCRL-19555 

Time after 
1.o o...,..-----.---2-,--o __ -r--_---r-'-~--,-----'--r---r---s ... o __ :------:l 

0.5 

F 

5 10 15 20 25 

Separation distance (mils) 

XBL701-2176 

Fig, 2 



LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the UnUed States, nor the Commission, 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 informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, 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 Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



~ ~ &~· -~ to- ...... 

TECHNICAL INFORMATION DIVISION 
LAWRENCE RADIATION LABORATORY. 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

!\·~ ~' 


