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Abstract: Coulomb excitation probabilities of the first 2 + states of 122Te and Xa°Te have been deter- 
mined. The measurement was performed by resolving the inelastically and elastically scattered 
'tHe and 160 projectiles using eight surface barrier detectors between 44 ° and 173 °. Quadrupole 
moments Q2÷ as well as B(E2, 0 + --* 2 +) values were deduced. The Qz+ found for the positive 
sign of the 22 + interference term are --0.46+0.05 e" b and --0.15+0.10 e" b for X22Te and 
a OTe respectively. 

E 
NUCLEAR REACTIONS 222'XaOTe(u, u'), E = 10--11 MeV, x22'Xa°Te(teO, leO'), ] 
E =  30-54 MeV; measured o(E16o, E160,), ~(E~,E~,). 122"la°Te deduced Q2*, [ B(E2, 0 + --* 2+). Enriched targets. 

1. In troduct ion  

Interest in the doubly even vibrational like nuclei x) has spurred a large number of 
measurements of the static electric quadrupole moments (Q2÷) of their first 2 + 
states. In particular, the Te isotopes have been the subject of several investigations 
[refs. 2-7)]. The present study completes a series of measurements of the Q2+ and 
B(E2, 0 + -~ 2 +) values of the doubly even isotopes of tellurium between ~22Te and 
xa°Te. Part of this study, including the isotopes t2*Te, 126Te and 12STe, has previous- 

ly been reported 6). Moreover in the present work an investigation of the scattering 

angle as well as the projectile mass dependence of the effect has been carried out for 
122Te. We find that the result of the measurements of all the tellurium isotopes are 

in excellent agreement with one another. The Q2 ÷ is found to increase from - 0 . 4 7  
e • b for ~22Te to -0 .12  e" b for 13°Te. As a consequence a set of accurate Q2 + 

and B(E2, 0~-~ 2~') values now exists for which a meaningful comparison with 
nuclear models may be made. 

2.  E x p e r i m e n t a l  de ta i l s  

The measurements were performed using the reorientation effect s) of Coulomb 
excitation. The experimental method was similar to that used in refs. 6,9) where 
more details of the technique may be found. In addition to the projectile mass depen- 
dence of the effect used in refs. 6, 9), a measurement of the effect as a function of 
projectile scattering angle was performed in the present study, which afforded us an 
additional check of the method. 
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Beams of 10-11 MeV 4He and 30--54 MeV 160 were obtained from the K61n FN 
tandem accelerator. Intensities were kept below 30 and 10 nA for 4He and 160 
respectively to minimize target degradation. Targets were composed of thin layers 
(about 30/tg/cm 2 for 4He and 10/zg/cm 2 for 160) of enriched isotopes, vacuum 
evaporated onto 10-20 #g[cm 2 carbon backings. The suppliers assay of the isotopic 
composition of the target material is given in table 1. Several remarks concerning 
the target composition are appropriate. As explained below the measurement method 
used in the present study (most important in this regard are the 173" spectra) enabled 
us to perform an independent analysis of most of the isotopic composition of the 
122Te material. It was found that while the assays of the first two samples were 
accurate, some errors were discovered in the assay of sample 3. This amounted to 
differences of about 15 % for x3°Te, 15 % for 12aTe, 6 % for 12STe and 9 % for 124Te, 
between the suppliers assay and our own analysis. However in spite of this discrepancy 
all three samples yielded consistent results where overlap in the data occurred. This 
lends confidence to the handling of the impurity isotope subtraction discussed below. 

TABLE I 

Isotopic concentration of  the target material (~ )  

Impurity (~o) 

Target 120 122 123 124 125 126 128 130 

I 122 <0.04  91.40 0.65 0.95 0.95 1.90 2.07 1.80 
2 122 <0.03 95.07 0.41 0.64 0.62 1.07 1.13 1.06 
3 122 <0.04  88.4 1.40 1.70 1.30 2.30 2.60 2.40 
4 130 <0.02 0.04 0.02 0.02 0.03 0.10 0.30 99.49 

Samples I, 2 and 4 were obtained from Oak Ridge and the suppliers' assay is given. Sample 3 was 
obtained from Iso-commerz and, as explained in the text, the assay was in part  determined from the 
analysis of  the backscattered xeo spectra. 

Ions scattered from the targets were detected in eight surface barrier detectors of 
100 #m thickness, at lab angles between 44 ° and 173 °. Considerable effort was made 
to accurately determine scattering angles. This is especially important at the forward 
angles, where e.g. a change in the scattering angle by 1 ° at 45 °, produces a 7 % 
change in the excitation probability. For this reason the scattering chamber for which 
detectors could be placed only at fixed angles (every 15 °) was particularly advanta- 
geous. Several independent measurements of the scattering angles were performed ~ o) 
all of which yielded consistent results (given in table 2). The scattering angle errors 
were estimated to be :i=0.2 °. 

The detector system resolution was sufficient to resolve elastically scattered ions 
and those inelastically scattered from the first 2 + states at 0.564 and 0.846 MeV for 
t22Te and 13aTe respectively. Typical spectra are shown in figs. 1-3. The resolution 
(FWHM) obtained was about 30--40 keV for 4He and 100-150 keV for leO. More 
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TAm~ 2 

Experimental excitation probabilities (R®ffi~) of  the 21 + state used in the analysis 

Projectile ECft (MeV) Scatt. lO s Re~p(214-) Error 
angle 

,*He 

~0 

122Te 

10.0 173.4 7.24 1.3 
10.0 173.4 7.16 1.2 
10.5 173.4 8.96 2.4 
10.5 173.4 8.99 1.5 
10.5 173.4 9.08 1.2 
10.5 173.4 8.85 1.3 
10.5 173.4 8.78 1.3 

54.0 59.2 42.26 1.8 
54.0 74.2 73.32 1.5 
38.0 89,3 28.51 5.8 
40.0 89.3 29.07 10.3 
40.0 89.3 34.29 5.1 
45.0 89.3 61.61 10.7 
45.0 89.3 57.00 6.8 
50.0 89.3 76.00 2.8 
54.0 89.3 105.1 1.5 
38.0 103.7 36.60 13.5 
43.0 103.7 53.22 8.8 
46.0 103.7 79.52 5.9 
50.0 103.7 103.6 3.4 
35.0 120.2 27.72 10.8 
38.0 120.2 42.12 6.5 
40.0 120.2 56.74 7.4 
40.0 120.2 54.88 5.7 
42.0 120.2 62.98 12.5 
43.0 120.2 64.58 7.2 
45.0 120.2 96.28 7.3 
45.0 120.2 91.09 9.6 
46.0 120.2 94.71 3.5 
47.0 120.2 108.1 4.6 
50.0 120.2 128.6 10.0 
50.0 120.2 134.2 2.9 
30.0 135.4 13.60 14.6 
38.0 135.4 57.65 7.3 
38.0 135.4 51.19 7.6 
40.0 135.4 55.62 20,3 
40.0 135.4 58.84 7.8 
40.0 59.97 59.97 5,9 
43.0 135.4 86.30 5.0 
45.0 135.4 103.5 8.5 
45.0 135.4 97.47 9.5 
45.0 135.4 102.4 8.2 
46.0 135.4 110.7 3.3 
47.0 135.4 115.9 5.4 
50.0 135.4 142.9 2.9 
50.0 135.4 138.7 10.9 
35.0 173.4 32.58 6.2 
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T x a ~  2 (continued) 

Projectile E.tt (MeV) Scatt. 103 R,zp (2t +) Error 
angle ~o 

"He 

xe O 

:2:Te 
38.0 173.4 49.69 4.4 
38.0 173.4 56.07 2.2 
40.0 173.4 71.78 5.5 
40.0 173.4 71.70 1.2 
42.0 173.4 87.41 5.6 
43.0 173.4 95.92 1.5 
45.0 173.4 112.1 1.8 
46.0 173.4 125.8 0.93 
47.0 173.4 135.3 1.4 
50.0 173.4 158.4 4.6* 
50.0 173.4 159.1 1.7" 
52.5 173.4 177.8 2.7" 

13OTe 

10.5 173.4 2.17 2.7 
10.5 173.4 2.28 2.2 
10.5 173.4 2.20 3.1 

42.0 89.3 13.00 8.8 
42.0 89.3 13.47 3.3 
44.0 89.3 15.75 4,9 
44.0 89.3 16.84 4.3 
44.0 89.3 16.09 4.8 
44.0 89.3 17.04 4.6 
47.0 89.3 22.05 9.5 
50.0 89.3 30.30 5.2 
52.5 89.3 34.48 5.0 
42.0 120.2 19.32 7.8 
42.0 120.2 20.53 10.4 
44.0 120.2 23.92 6.6 
49.0 120.2 40.62 4,7 
51.0 120.2 52.12 4.4 
42.0 135.4 23.97 15.5 
44.0 135.4 27.96 6.4 
44.0 135.4 27.79 4.8 
49.0 135.4 46.24 4.6 
51.0 135.4 56.60 5.4* 
42.0 173.4 24.26 3.1 
42.0 173.4 24.32 1.5 
44.0 173.4 30.86 2.2 
44.0 173.4 31.10 2.3 
44.0 173.4 30.83 1.9 
47.0 173.4 44.92 4.0 
49.0 173.4 52.91 1.6" 
50.0 173.4 56.33 2.5* 
51.0 173.4 61.62 1.8" 
52.5 173.4 64.05 2.3 * 

Values have been corrected for various effects mentioned in the text. Those with an asterisk have 
not  been used for extracting the B(E2) and 02  + values. 
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Fig. l .  Spectra o f  4He on  12ZTe and a3°Te respectively at 0 = 173 °. The solid line represents the con-  
tribution due to elastic (Te(g.s .))  and inelastic (Te*)  scattering from the tellurium impurities. 

important for an accurate determination of the excitation probabilities are the ratios 
of the inelastic peak heights to the background. Values of about 100:1 and 20:1 
for the +He spectra of 122Te and 13°Te respectively were typical. While values for 
the 16 0 spectra ranged between 5:1 and better than 30:1 depending upon scattering 
angle, energy and isotope. 

The major experimental problem was to determine the excitation probability (R) 
of the 21+ states, as a function of projectile mass and scattering angle, with an accuracy 
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Fig. 2. Spectra o f  1sO on 122Te at 60 °, 90 ° and  173 °. In  part (c) a spectrum before impurity subtrac- 
tion is shown. The solid line in (c) has been calculated from the known impurity contributions. The 
solid lines shown in (a), Co) and  (d) were obtained from line-shape fits to the spectra after subtraction 

of the impurity contribution. 

of about 1 ~ .  This accuracy corresponds to an error of about +0.1 e" b in Q2*. 
The 2~ intensity was evaluated using the line shape programs of ref. 6) where the 
fits, as shown in figs. 1-3, were used to obtain the background under the 2~ + peak 
and to assure that the peak shape was consistent with a single peak. The results of 
this analysis together with the corresponding uncertainties, bombarding energies 
and laboratory scattering ~mgles are shown in table 2. 
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Fig. 3. Spectrum of  160 on X~°Te at 0 = 173 °, showing (a) the spectrum before impur i ty  subtrac- 
t ion and (b) after. The solid lines represent the calculated impurity contributions and the line- 

shape fit to (a) and (b) respectively. 

The high degree of accuracy required for the excitation of the 2 ~ intensities neces- 
sitates careful consideration of the possibility of contamination. The solid curves in 
figs. 2e and 3c have been generated using the elastic line shape, the supplier's assay 
(samples 1 and 2 for 122Te) for the isotopic composition of the target material and 
the known 6,~i) B(E2) values for inelastic contributions. As is seen in fig. 2c the 
agreement between the measured intensities and the supplier's assay, with the excep- 
tion of sample 3 as discussed above, is excellent. For sample 3 a fit to the resolved 
impurity isotopes (124-130) was performed. The isotopic abundances were obtained 
from the fit with an accuracy of about 0.1% and are given in col. 3 of table I. Although 
t23Te is unresolved no difficulty ensues since its natural abundance is only 0.89 
and it does not contribute to the inelastic (2+ of l~2Te) intensity. The only error in 
subtracting out these contributions, in the case of t22Te, is therefore due to the 
uncertainties in the B(E2) values. The total uncertainty in R from this source is less 
than 0.2 %. Since the contaminent isotopes are not resolved the situation is less 
clear in the case of ~a°Te. However the only material used was obtained from Oak 
Ridge and had a nominal enrichment for 13°Te of 99.49 ~o. We therefore eonduded 
that for Z3°Te the error in R due to uncertainties in the target composition and 
B(E2) values was about 0.5 %. Other contributions due to e.g. elastic scattering from 
lighter mass impurities can be estimated from the combination of SHe and ~60 
spectra taken at various angles and energies. Uncertainties in R from such effects 
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were less than 0.05-0.5 % for t22Te and less *h~n 0.5 ~ for 13°Te. From 160 and 
4He spectra of the carbon backings alone we determined that contributions to the 
elastic and inelestic Te intensities from this source were not present. 

Essential for validity of the analysis is that contributions to the 2 + iniensities from 
sou/~'s other than pure Coulomb excitation (i.e. nuclear reactions) are negligible. 
Hence the data used in the analysis must correspond to projectile energies com- 
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Fig. 5. Energy levels and E2 matr/x elements tu~d in the analysis o f  I~2Te and 13°Te respectively. 
The 2~" assignment for the level at 1.752 MeV was taken from ref, s). 
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patible with the "safe energy". For this purpose excitation functions of the 2~ states 
for 16 0 on 122Te and l a OTe were measured. From the results of these measurements, 
which are presented in fig. 4 and those of ref. 12), a safe energy of 47 MeV for 173 ° 
and greater than 54 MeV for angles less than 90 ° for both isotopes were adopted. 
In a previous investigation 6) it was shown that for 4He energies up to and including 
10.5 MeV the deviations from pure Coulomb excitation were Jess than 1 ~ .  

3. Analysis 

To obtain the Q2+ and B(E2, 0 + ~ 2 +) values, the analysis of the data followed 
the procedure discussed in ref. 9). The E2 matrix elements and energy levels used in 
the de Boer-Winther la) program to generate the calculated R-values (Rcomp) are 
shown in fig. 5. Matrix elements of the 2~ and 4 + states of la°Te were obtained 14) 
by comparing the sum (energy separation is 45 keV) of the excitation probabilities 
with the corresponding Rco=p values. These values are in good agreement with those 
of ref. a). In the case of 13°Te a more precise determination of these matrix elements 
is unnecessary since Q2 + is only weakly dependent upon these values, as witnessed 
by the small change in Q2 + (about 0.08 e .  b) for a change in the sign of the inter- 
ference term. Indeed the insensitivity to this sign made its determination in the case 
of la°Te impossible. As a result of the weak dependence on higher lying levels only 
the first four states of 13°Te were used in the calculations. 

The situation is considerably different for the case of 122Te. For example, with 
the matrix elements of fig. 5 a change in the sign of the interference term changes 
Q2 + by about 0.2 e .  b. Moreover in order to determine Q2+ with an accuracy of 
___0.05 e • b the absolute values of the matrix elements M2a and M24 must be known 
with a precision of better than + 20 ~ .  Values for the matrix elements of the 2~" and 
4 + levels were obtained from the excitation probabilities for these levels 14) and 
from the branching 15) and miXing ratios 16). The values found in ref. 1,) were in 
reasonable agreement with those of Barrette et al. 5). 

Contributions to the excitation probabilities via levels above the 0~ state of ~22Te 
at 1.357 MeV were also considered. Using the values of 0.069 e • b for M16 and 
0.26 e- b for M26 from ref. s) we find that the influence (i.e. a change in sign ofMj6  ) 
of a 2~ level at 1.752 MeV is to induce a change in the Q2 + of about 0.03 e .  b. The 
3 - s ta te  at 2.17 MeV can contribute to R2+ via interference terms of the form 
(0+11E3[[3-)(3-IIElII2 +)(0~[[E21[2 +)  or (0~-[IE3113-)(3-IIE3112 +)(0~-11E2112~'). 
Both terms have been investigated by taking (0+11E3113 - )  = 0.16 e 2. b a [ref. 14)]. 
The (3-[1El112 +)  value was varied from 10 -4 to 10 -1 W.u., which changed R2+ by 
less than 0.02 ~ .  The second term, taking (3-[[E3[[2~') = (0+1[E3113-), was found 
to contribute less than 0.4 ~ to R. Hence both terms have been neglected in the 
analysis. Due to the uncertainty in the relevant matrix elements the influence 17) of 
the giant dipole resonance and hexadecapole moments have similarly been neglected. 

The excitation probabilities have been corrected for effects due to vacuum polar- 
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TABLE 3 
The experimental  results and  weighted averages obtained in the present  work and refs. 2-7) 

Isotope Q2 * (e .  b) B(E2, 0 + --~ 2 +) (e 2- b 2) Sign o f  Ref. 
interf, term 

122 --0.21 4-0.08 --  *) 
--0.43-/-0.08 + *) 
--0.204-0.10 _ 5) 
--0.464-0.10 + ~) 
--0.224-0.05 --  pres. work 
--0.484-0.05 + pres. work 
--0.21 4-0.04 --  av. 
--0.474-0.04 + av. 

1 2 4  - -  0 . 2 8  4 -  0 . 0 8  _ ,t)  

--0.494-0.08 + ,t) 
- -0 .1 t  4-0.10 _ s) 
--0.464-0.10 + s) 
--0.164-0.08 _ 6) 
--0.41 4-0.08 + 6) 
--0.194-0.05 --  av. 
--0.454-0.05 + av. 

126 --0.164-0.11 _ 2) 
--0.324-0;11 + 2) 
--0.204-0:10 _ s) 
--0.284-0.10 + ~) 
+0.024-0.11 _ 6) 
--0.144-0.11 + 6) 
--0.104-0.09 __ 7) 
--0.204-0.09 + 7) 
--0.114-0.05 --  av. 
--0.234-0.05 + av. 

128 --0.11 4-0.10 _ 2) 
--0.214-0.13 + 2) 
--0.264-0.11 _ s) 
--0.334-0.11 + s) 
+0.084-0.09 _ 6) 
--0.124-0.09 + 6) 
--0.144-0.08 __ 7) 
--0.244-0.08 + 7) 
--0.104-0.05 --  av. 
--0.224-0.05 + av. 

130 --0.12-/-0.15 _ 3) 
--0.19-4-0.15 + 3) 
+0.004-0.08 --  4) 
--0.084-0.08 + 4) 
--0.094-0.12 _ s) 
--0.144-0.12 + s) 
--0.074-0.10 --  pres. work 
--0.154-0.10 + pres. work 
--0.054-0.05 --  av. 
--0.124-0.05 + av. 

0.6654-0.011 
0.6674-0.011 
O.6584-0.OO4 
0.6584-0.0O4 
0,6594-0.0O4 
0.6594-0.004 

0.5684-0.011 
0.571 +0.011 
0.5664-0.005 
0.568+0.O05 
O.5664-O.005 
O.5694-O.005 

0,4864-0.035 
0.4874-0.035 
0.478 4-0.011 
0.4794-0.011 
0.4664-0.007 
0.4674-0.007 

0.4704-0.006 
0.471 4-0.006 

0.3894-0,029 
0.391 4-0.029 
0.3874-0.011 
0.3874-0.01 l 
0.3774-0.006 
0.3784-0.006 

0.3804-0.005 
0.3804-0.005 

0.30 4-0.03 
0.30 4-0.03 

0.290+0.01 l 
0.2904-0.011 
0.2954-0.006 
0.2964-0.006 
0.294-4-0.005 
0.2944-0.005 

The asterisks indicate values corrected due to the de, or ientat ion effect e), In  the present  work 
Z 2 was 1.I for  amTe and 0.7 for l~eTe, independent  o f  the sign o f  the interference term. 



REORIENTATION EFFECT 5o9 

ization and screening due to atomic electrons xs). It is found that these effects are 
largely energy and projectile mass independent. Their sum is found to produce a 
change in R of between -0 .2  % at 44 ° and +0.3 % at 173 °. Quantal corrections 19) 
were also made and result in an increase in the B(E2, 0 + -* 2 +) by about 0.003 
e 2 • b z, and have a negligible effect on the Q2+. 

Results of the analysis are shown in fig. 6, where the ratio P~/Rcomp(Q2~ = 0) 
has been plotted against the sensitivity parameter Pcomp as described in ref. 8). 
Values for Q2 + and the B(E2, 0 + --, 2 +) were obtained for both the positive and the 
negative signs Of the interference term and are listed in table 3. For 122Te only the 
results for which the sign of the interference term involving the 2~" state was the 
same as that for the 2 + state are given. 

Although the separate analysis of the projectile mass and scattering angle dependence 
can in principle distinguish between these signs, the statistical accuracy of the data 
combined with the small magnitude of the interference term yields too small an effect 
to obtain the sign with any degree of confidence. However, recent measurements 
[refs. 20-22)] of the interference term sign for nuclei in this region as well as model 
predictions 23-25) for these nuclei all indicate a positive sign for this term. We 
have therefore adopted this sign in the discussion which follows. 

4. Discussion 

In table 3 the results of the present work and those of refs. 3-s)  together with 
the adopted average values for Q2+ and the B(E2, 0 + --, 2~') values are shown. As is 
seen the agreement among the various measurements is excellent for both the Q2 + 
and the B(E2, 0 + --, 2 +) values. This agreement is exhibited for the measurements 
of all Te isotopes as shown in table 3 and is particularly gratifying in fight of the 
difficulties previously encountered in reorientation effect measurements 1). Indeed, 
the agreement and high statistical accuracy of the results allows a set of very precise 
Qz+ (about _+0.05 e.  b) and B(E2, 0 + --, 2 +) values to be adopted from the averages 
of the measurements listed in table 3. 

The average values of the Q2÷ and B(E2, 0 + --* 2 +) from table 3 are plotted in 
fig. 7 as a function of isotope number. This figure reinforces the tendency previously 6) 
noted in which the [Q2 + [ decreases with increasing neutron number. The improved 
accuracy enables one to discern some structure in this dependence, In particular, the 
jump of Q2+ from -0.45 at 124 to -0.23 at 126 might possibly be associated with 
some underlying single particle structure. Also shown are the predictions of the 
particle vibrational coupling model 26) which should reflect the single particle 
behaviour of the valence neutrons and does indeed seem to reproduce the neutron 
number dependence of Q2+. 
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