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Figure 6.3 

See caption of figure 6.1. An exponentially 

sloping background has been subtracted to 

accentuate the peaks. Typical error bars 

are enclosed in circles at the beginning of 

each section. 
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Figure 6.4 

See caption of figure 6.2. An exponentially 

sloping background has bEen subtracted to 

accentuate the peaks. Typical error bars 

are enclosed in circles at the beginning of 

each section. 
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The agreement between the r~sults from different spectra 

has been very gratifying since often the program JAGSPOT 

was required to unravel several partially resolved peaks. For 

example, the computer fits for the same energy region of the 

spectrum as recorded by the large and small detectors have 

been in excellent agreement, even though many complexes in 

the large detector were not resolved. Furthermore, when 

complexes were resolved through the y-y coincidence experi­

ment, the results were generally in good agreement with those 

obtained from the computer fits to the singles spectra. In 

the relatively few cases where the coincidence and singles 

data disagreed, the former showed that there were several 

completely unresolved lines in the singles spectra. The tabu­

lated errors in the gamma ray energies are those obtained from 

the JAGSPOT program or 0.04 keV, whichever is larger. In 

the case of some peaks, the program gave errors smaller than 

0.04 keV which we felt were unrealistic for the conditions of 

these experiments. 

The errors in the measured relative intensities are 

approximately 15% for well resolved strong transitions; for 

weaker and partially resolvEd lines the errors may be much 

larger. The estimated erro1s include an allowance for un­

certainties in the relative efficiency calibration of the 

detectors (~ 10%) and possible angular distribution effects. 

The latter are expected to contribute < 10% error since the 

solid angle subtended by the detector at the target was large 



Table 6.1 

Transitions in 176 Hf Feeding the Ground State Band 

* Assignment e) 
ca) c c c Energy Relative 1 88 1202 1 307 

1401 Other Coincident y's 
Intensity 

keV in Singles 

54.59±0.05 Hf K 
a2 

55.77±0.05 Hf K 
a1 

63.13±0.05 Hf Ks , 
1 

64.()t::-'-0.08 Hf K I 

t:s2 
14b) 88.32±0.05 26.5 88.32~ 0 - 100 67 583, 554, etc. 

91.12±0.05 0.40c) 1404.4~1313.3 249, 1225 

144.45±0.07 0.19 l652.9+1508.5t 
0.37 rvO.l5 912, 1218 

146.28±0.05 0.24 2050.2~1903.7 

156.83±0.04 2.7 1404.4~1247.5 2.6 249, 311, 339, 462, 1159 

196 ±0.5 rv0.2c) (1508.6~1313.2) 1225 

196.3 ±<0.5 0.15c) 2160.3~1964.0 249, 311 

201.82±0.04 100 290.14~88.3 106 - 70 12b) 483, 554, etc. 
...... 
""' 238.36±0.07 0.33 (1628.6~1390.2) ""' 

(continued next page) 



Table 6.1 (continued) 

* Assignment e) 
a} c c c c Energy Relative 1

88 
1

202 
1

307 
1

401 
Other Coincident y's 

Intensity 
keV in Singles 

~-~----- -------~~--~~---------- -------

248.58±0.04 4.2 1652.9-+1404.3 5.2 3.9 91,157,196,311,340, 
1023,1114,1159,1225 

263.95±0.10 0.30 15 7 7 • 3+ 1313 • 2 t 1023, 1225 
0.95 rv0.40 rv0.30 rv0.08 

265.15±0.07 0.40 2050.2-+1785.0 1188 

268.61±0.12 0.18 (1944.3-+1675.8) 

271.8 ±0.3 0.09 (1675.8-+1404.3) 

276.4 ±0.3 0.14 (1785.0-+1508.6) rv0.2d) rv0.1d) 1218d) 

306.78±0.04 69.5 596.9-+ 290.1 65 71 - 10 483, 554, etc. 

311.1 ±0. 3 1.1 c) 1964.0-+1652.9 1.4 rvl. 6 - - 91,157,196,249,1159, 
1225 

339.59±0.08 1. 3c) 1992.5-+1652.9 2 •. 5 0.63 - - 157,249,1023,1056d) 
1114, 1159, 1225 

352.4 ±0. 3 rv0.2 (2137 .3-+1785.0) 

c) O.lc) 2295.0-+1932.7 0.14 0.10 361.9 ±0.8 - -
400.99±0.04 19.2 997.9-+596.9 12b) 12b) lOb) - 483, 554, etc. 1--' 

,c:,. 
U1 

(continued next page) 



Table 6.1 (continued) 

* Assignment e) 
C a} c c c Energy Relative 1 88 1 202 1 307 

1
401 Other Coincident y's 

Intensity 
keV in Sin 1es 

462.0 ±0.5 0.3c) 1866.3-+1404.3 0.37 'V0.4 - - 1571 1159d) 

483.33±0.05 5.1 1481.2-+ 997.9 3.0b) 2.9b) 3.0b) 2.7b) 5541 601 d) 1 814 

553.6 ±0.10 1.0 2034. 8-+1481. 2 0.68b) 0.63b) o.sb) 0.4b) 

601.3 =o.6 0.2 ([2082.5}-+1481.2) - - 0.18 .13 483 

611.4 ±0.4 0.33 ([1609.3]-+997.9) ln 6 v.3 0.16 "' , 1225 

{[1924.6]-+1313.2)Jwo 

....... 
611.4 ±0.6 0.2c) 

630.7 ±0.3 0.2c) 1628.6 -+997.9 - - 0.16 .21 

655.3 ±Q.S 'V0.15 (2137.3-+1481.2) - - 0.13 .15d) (483d) 

736.2 ±0.07 28.9 1333.1 -+596.9 30 32 32 

787.14±0.15 1.0 1785.0 -+997.9 .86 .61 0.64 .52 

793.5 ±0.25 0.57 1390.2 -+596.9 - .47 0.53 

813.8 ±0.3 0.30 2295.0-+1481.2 - - 0.23 .16 483 

857.1 ±0.10 0.33 (.{1454] -+596.9) - 0.19b) 0.28 
....... 

(continued next page) ~ 
m 



Table 6.1 (continued) 

* Assignment e) c a) c c c Energy Relative 1 88 1 202 
1

307 1 401 Other Coincident y's 
Intensity 

keV in Sin les 

908 ±l.O 0.2 c) ( [1906]-+997.9) - O.l7d) 0.12d) 0.21 

911.8 ±0.3 1.8 1508.6 -+596.9 .95 1.2 1.4 

c~ 0.6c) 1932.7 +997.9t .40 934.8 -0.5 

c) o.8c) 
1.5 1.0 0.9 

935.8± 0.5 1532.7 -+596.9 

1023.0 ±0.1 3.2 1313.1 -+290.1 3.1 2.5 

1031., -u. 3 1.4 1628.6 -+59b.~ .L.6 1.2 0.95 

1043.0 ±0.1 18.5 1333.1 -+290.1 18 19 

1055.8 ±0.5 0.34c) 1652.9 -+596.9 - - 0.26 

1078.9 ±0.3 0.40 (1675.8 -+596.9) - 0.49 0.38 0.2ld) 

1088.1 ±0.2 0.45 2086.0 -+997.9 - 0.47 0.30 0.27 

1099.9 ±0.3 1.6 1390.2 -+290.1 2.1 1.6 

1100 ±1.0 0.3c) 2096.7 -+997.9 - - 0.25 0.26 

1108.7 ±0.5 0.5 (2106.8 -+997.9) - 0.39 0.39 0.30d) 

1114.2 ±O.l 2.3 1404.3 -+290.1 1.8 1.6 ...... 
~ 

(continued next page) '-1 



Table 6.1 (continued) 

* . e) ___ c- a} c c c Energy Relative Ass~gnrnent r 88 r 202 1 307 1401 Other Coincident y's 
Intensity 

keV in Singles 

1130.4 ±o.5 0.50 1727.7 +596.9 - 0.63 0.6 
c) 

1.1 c) 1138.1 ±a.5 1226.3 + BB.3t 
c) 1.1 c) 

3.1 
1139.4 ±a.5 2137.3 +997.9 1.5 1.2 1.0 

1150 ±0.1 - 1150 +0 (Eo> 

1155.6 ±0.4 0.7 1445.7 +290.1t 1.2 
10.6 

1159.2 ±0.2 10.6 1247.5 + 88.3 
c) 

( [1450] +290.1) 0.68 1160.1 y:o.8 0.7c) -
116 6. 8c) ±a. a 0.4 ) ( [1457] ~90.1) 0.4 0.36 
117 7. 7c ±0. 8 0.3c ([1775] +596.9) 0.6 0.25 0.24 

1188.1 ±0. 2 4.0 1785.0 +596.9 3.3 3.8 3.3 

1201.8 ±0. 7 0.4 (1798.4 +596.9) - 0.32 0.2d) 

1204. 8 ±Q. 6 0.6 (1292.9 + 88.3) 

1218.4 ±0 .1 5. 0 c) 1508.6 +290.1 4.8 5.6 

1218.4 ±0. 8 0.5c) 1815.2 +596.9 - - 0.44 

1224.9 ±O .1 7.3 1313.2 + 88.3 7.0 - - - 508, 611 
...... 

12 2 7 • 5 ±a • 2 g > 
~ 

<1. 3 1226.4 +o 00 

1250.1 ±a. 4 1.0 15 4 0. 2 +2 9 0. 1 - 1.2 

(continued next page) 



Table 6.1 (continued) 

*. A~~ig~~~~te) ----~~a) Energy Relative c c c Other Coincident y's I202 I307 I401 
Intensity 

keV ih Sin9:les 

1252.6 ±0.3 2.1 1341.0 -+ 88.3 2.1 

1265.2 ±0.5 0.9c) 1861.9 -+596;,9 - 0.45 0.95 

1281 ±lc) 0.45c) 1878 -+596.9 - 0.50 0.43 

1287.1 ±0.5 0.4c) 1577.3 -+290.11 

0.4c) J "'0. 5 1.2 
1287.1 ±0.5 2285.0 -+997.9 0.54 0.41 

1290.8 ±0.2 - ~ 1379.1 -+ 88.3 rv0.7 J.. • ..:. 

1292.9 ±0.3 - 12 9 2 • 9 -+ 0 -(EO) 

1297.2 ±0.8 0. 5c) 2295 -+997.9 0.66 0.44 0.16 

1301.8 ±0. 3 1. 3c) 1390.1 + 88.3t 

1. 9c) 
2.6 

1301.8 ±0.3 1591.9 -+290.1 1.9 

1306.8 ±0.2 2.6c) 1903.7 +596.9t 

0.4c) 
2.3 2.6 2.9 

1307.0 ±0.8 2305 -+997.9 0.34 

1335.9 ±0.4 1.1 1932.8 -+596.9 - 1.0 0.69 

1338.6 ±0.4 1.8 1628.7 -+290.1 - 1.5 
....... 
~ 

1341.3 ±0.3 1.8 1341.0 -+0 - - - - \0 

(continued next page) 



Energy 

keV 

1347.4 ±0.2 

1357.4 ±0.15 

1362.7 ±0.2 

1362.7 ±0.2 

1385.7 ±0.3 

1419.6 ±0.2 

1427.1 ±0.2 

1437.7 ±0.2 

1448.0 ±0.6 

1460.2 ±0.7 

1476.7 ±0.2 

1489.0 ±0.3 
c) 

1489.0 ±0.5 

1499.8 ±0.5 
c) 

1508 ±1.0 

Table 6.1 (continued) 

. ---- ~~ ---er-- ---c a] 
Relat1ve Ass1gnment r 88 Intensity 
in Singles 

1.2 1944.3 -+596.9 0.64 

2.8 1445.7-+ 88.3 

0.9c) ([1959.6]-+596.9)+ 4.2 

0.4c) 

2.1 

1.0 

1.0 

1.6 

0.8 

0.8 

1.2 

4.2c) 

1. oc) 

1.0 

2.0c) 

(2360.1 -+997.9) 

1675.9 -+290.1 

1709.7 -+290.1 

2024.0 -+596.9 

1727.7 -+290.1 

([2446.9]-+997.9) 

([2458.1]-+997.9) 

1766.8 -+290.1 

1577.3 -+ 88.3 

2086.0 -+596.9 

2096.7 -+596.9 

1798.4 -+290.1 

1.4 

0.71 

0.85 

1.3 

0.43 

4.5 

1.9 

c 
I202 

1.1 

1.2 

2.0 

~ .. 
J. •· J. 

0.56 

1.9 

0.76 

0.75 

1.0 

1.2 

1.0 

3.4 

c 
I307 

0.88 

0.88 

0.50 

0.62 

0.62 

0.79 

1.0 

c 
I401 

0.40 

0.35d) 

0.32d) 

Other Coincident y's 

,..... 
lJ1 
0 

(continued next page) 
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Table 6.1 (continued) 

* Assignment e) 
ca> c c c Energy Relative Iss I202 I307 1 401 Other Coincident y's 

Intensity 
keV in Singles 

c) 
1. 2c) 1509.7 ±0.8 2106.8 +596.9 - - 1.3 

1520.0 ±0.3 1.2 2116.9 +596.9 1.4 0.81 0.85 
c) 0.4c) 1525.0 ±0.5 1815.2 +290.1 - 0.43 

1540.2 ±0.5 0.4 1830.3 +290.1 - 0.37 

1559.5 ±0.8 0.3 2557 +997.9 - rv0.7 0.39 0.35 

1563 ±1. 0 0.9 1853.4 -+290 1 - rvl.2 

1567 ±1. 0 0.2 2565 -+997.9 - rvO.S 0.26 0.27 

1571.6 ±0.8 1.2 1861.9 -+290.1 - 1.7 

1577.0 ±0.8 0.3 2174 +596.9 - 0.25 0.32 

1588.3 ±0.5 0.58 (1675.8-+ 88.3) 

1614.2 ±0.3 2.0 (1903.7 -+290.1) 
f) f) f) f) 

1621.3 ±0.3 0.8 (1709.7-+ 88.3) f) f) f) f) 

1670.1 ±0.4 0.70 ([1959.6]+290.1) 

1704.6 ±0.3 0.93 ([1704.6)-+ 0 ) f) f) f) f) 
..... 
U1 
1-' 

{continued next page) 



Table 6.1 (continued) 

*Relative intensities observed in the 174Yb(a,2n) 176Hf reaction with an alpha beam 
energy of 22.5 MeV 

a) ri is the intensity of the upper member of the coincident pair deduced from 

the spectrum in coincidence with a gate set on the member of the ground state 
band of energy E. 

b) For a stretched E2 cascade, the values of ri are lower than expected because 
of angular correlation effects. 

c) :~ergy or intensity deduced from y-y measurements. 

d) At limit of detection. 

e) a square bracket indicates a tentative level assignment; a curved bracket indi­
cates a tentative transition assignment. 

f) Coincidence spectra recorded only up to 1600 keV. 

g) Complex peak. 

..... 
Ul 
1\J 
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TABLE 6.2 

Gamma Rays Feeding the Isomeric States 

Relative * Assignment(a) Energy Relative Relative 
(keV) Intensity Intensity Intensity 

in Singles in Delayed in Double 
Coincidence Delayed 

Coincidence 

53. 49± 0. 07 3. 9 (b) 1559.4-+1505.8 

55.5 ±0.1 Hf K 's a 

63.2 ±0.1 Hf K 's s 
74.8 ±0.1 Pb K 's a 

84.7 ±0.1 Pb K 's s 
88.4 ±0.1 0.35(i) 

(g) 19F(n,n') 109.84±0.04 1.7 0.25 

132.80±0.07 0.16 0.15 1930.8-+1798.0 

155 ±1 0.09(d) (2014. 4-+1860. 3) 

163.0 ±0.2 0.09 0.24 2194. 2-+2031.1 

169.6 ±0.5 0.34{d) 

172.73±0.04 11.4 11.4 (e) 505.8-+1333.1 

180 ±1 0.06(d) 

192 ±1 o.o5(d) ([197?)-+1785.1) 

194.09±0.04 2.2 2.4 1699.9-+1505.8 
(g) 

19F (n,n') 197.10±0.05 3.0 0.32 

214.22±0.04 1.0 0.88 1914.1-+1699.9 

225.74±0.1 5.0 5.1 1785.1-+1559.4 

226.25±0.06 6.5 1. 2 (b) 7.6 1559.4-+1333.1 

226.9 ±0.5 0.3(c) 1732.5-+1505.8 

(continued next Page) 
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TABLE 6. 2 (continued) 

Energy Relative Relative Relative Assignment(a) 
(keV) Intensity Intensity Intensity 

in Singles in Delayed in Double 
Coincidence Delayed 

Coincidence 

229.15±0.07 0.7 0.8 0.8 2014.2-+1785.1 

233.54±0.1 0.40(f) 0.18 2147.7-+1914.1 

245.97±0.04 1.91 2.5 1.9(e) 2031.1-+1785.1 

251. 36±0 .10 0.10 0.08 2399.0-+2147.7 

262.78±0.06 0.62 0.7 0.7 2293.9-+2031.1 

269.64±0.18 0.11 0.11 2563.5-+2293.9 

272.88±0.1 0.28(f} 0.08 ([2304.0]-+2031.1) 

287.69±0.2 0.20 } (2085. 7-+1798.0) 
0.16 

288.60±0.2 0.23 

300.78±0.06 
l.l } 

1.2 1860.2 -+1559. 4 

0.2 (c) 
1.8 

301.5 ±0.8 ( [ 2 3 3 2 • 6 ] -+2 0 31 • 1 ) 

or ( 2085.7-+1785.1} 

330.77±0.08 0.46 0.34 2261. 7-+1930. 9 

334.3 ±0.5 0.10 (2194.2-+1860.3) 

337.23±0.08 0.62 0.48 2069.7-+1732.5 

344.3 ±0.5 0.06(d} ([2638.1]-+2293.9) 

366.87±0.05 1.1 } 1699.9-+1333.1 
1.4 

368.1 ±0.2 0.16 0.17 2399.0-+2031.1 

386.3 ±0.6 O.ll(j) 2085.7 -+1699. 9 

399.38±0.07 2.3 1.8 1 7 3 2 • 5 -+13 3 3 • 1 

404.7 ±0.6 0.16 ( l} ( 2 318 • 4 -+19 14 • 2 ) 

408.3 ± 0. 2 l.2(c)t 1914 • 1 -+15 0 5 . 4 

0.5(c) 
1.2 < 0. 3 

408.7 ± 0. 3 219 4 • 2 -+1 7 8 5 . 1 

( ;ontinued next page) 
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TABLE 6.2 (continued) 

Energy Relative Relative Relative Assignment(a) 
(keV) Intensity Intensity Intensity 

in Delayed in Double 
Coincidence Delayed 

Coincidence 

412.9 ±0.2 0.23 (f) 0.24 2112.8-+1699.9 

420.86±0.08 0.91 0.52 1926.7-+1505.8 

424.96±0.06 1.4 1.2 1930.8-+1505.8 

428.40±0.07 1.1 1.2 1 7 61. 5-+ 13 3 3 . 1 

436.85±0.15 0.61 (f) 0.14 

447.66±0.09 0.96 0.52 2147.7-+1699.9 

455.1 ± 0. 2 0.42 0.48 rvo.3 2014.4-+1559.4 

460.7 ±0.5 0.2(c) 0.16 2258.7-+1798.0 

464.92±0.07 3.3 } 1798.0-+1333.1 
2.7 

467.4 ±0.3 0.2 2265.4-+1798.0 

471.6 ±0.2 0.24 0.24 rv0.2 2031.1-+1559.4 

484.8 ±0.2 0.19 (d) 2399.0-+1914.1 

497.4 ±0.2 0.34 0.24 
(c) 

0.24{c) 508.9 ±0.5 2293.9-+1785.1 

533.1 ±0.7 0.26 0.30 <0.08 {(2~64 -+2031.1) 

.18 to .26 (2827 -+2294 

537.4 ±0.2 0.54{f) 0.34 (2568.5-+2031.1) 

554.3 ±0.5 rvO.l6(c) 0.31 (2568.5-+2014.4) 

576.0 ±0.5 o.8<f) 0.1 (2361.1-+1785 .1) 

594 ±1 (h) 0.15 (1926.7-+1333.1) 

598(g) 74Ge(n,n 1
) 

(continued next page) 
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TABLE 6. 2 (continued) 

Energy Relative Relative Relative Assignment(a) 
(keV) Intensity Intensity Intensity 

in Singles , in Delayed in Double 
Coincidence Delayed 

Coincidence 

607 ±1 0.13 0.22 2112.8-+1505.8 

618.5 ±0.8 0.2(c)} 2318.4-+1699.9 

0.2(c) 
0.42 

621 ±1 

626.8 ±0.5 0.31 (f) 0.08 ([2326.7]-+1700.0) 

647.0 ±0.8 O.l3(c) ([2432] -+1785.1) 

667.1 ±0.5 0.05 ([2173] -+1505.9) 

694(g) 72Ge(n,n') 

701.5 ±0.2 0.51 0.52 

750.2 ±0.5 0.25(d) 

754.5 ±0.5 0.26(d) 

767.6 ±0.5 ).26(d) ([2680.8]-+1914.1) 

783 ±1 O.lS(c) [2568 -+2031.1) 

802 ±1 (h) 0.29 ([2502] -+1700.0) 

(a) a square bracket [ ind cates a tentative level assignment 

a curved bracket indJcates a tentative transition 
assignment 

(b) determined from delayed gamma spectrum (see Table 6.7) 

(c) intensity determinec from y-y coincidence measurement 

(d) observed in delayed coincidence spectrum only 

(e) normalization 

(f) complex 

(g) emission of neutron coincident with formation of isomeric 

states 

(h) 

(i) 

* 

masked 

insufficient background subtracted 

relative intensity scale samE: as in table 6 .1 
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Table 6.3 

Unassigned Transitions 

Energy Relative Energy Relative ( ) 
(keV) Intensity(a) (keV) Intensity a. 

94.9 ±0.3 0.02 293.15±0.13 0.19 

96.3 ±0.1 0.06 297.9 ±0.3 0.18 

98.58±0.05 0.15 319.76±0.2 0.12 

135.87±0.06 0.09 321.10±0.07 0.41 

189.5 ±0.3 0.07 

190.0 ±0.3 0.13 327.57±0.11 0.33 

196.3 ±0.2(b) 0.2S(c) 372.92±0.12 0.29 

219.4 ±0.2 0.07 416.2 ±0.3 0.17 

221.26±0.08 0.18 451.8 ±0.5 0.08 

244.74±0.09 0.43 454.1 ±0.3 0.20 

253.0 ±0.2 0.15 467.4 ±0.3 0.21 

268.61±0.12 0.18 497.4 ±0.2 0.22 

271.8 ±0.3 0.09 519.9 ±0.2 0.31 

277.27±0.15 0.26 531.5 ±1. 0 0.11 

281. 79±0. 08 0.34 540.9 ±0.3 0.36 

288.6 ±0.2 0.23 564.2 ±0.3 0.36 

292.3 ±0.3 0.08 

(continued next page) 
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TABLE 6.3 (continued) 

Energy Relative Energy Relative 
(keV) Intensity(a) (keV) Intensity(a) 

573.0 ±0.6 0.15 891.6 ±0.9 0.23 

583.1 ±0.3 0.28 921.2 ±0.6 

588.2 ±1.0 0.07 939.7 ±1. 0 0.3 

617.8 ±0.1 0.78 1062.7 ±0.4 0.4 

633.0 ±0.4 0.3 1201.8 ±0.7 0.4 

684.7 ±0.7 0.23 1204.8 ±0.6 0.6 

717 ±0.5(b) 'V 0.2 1210.0 ±0.3 0.9 

721.3 ±0.6(b) 'V 0.2 1227.5 ±0.2 1.4 

725.3 ±0.5(b) 'V 0.45 1238.2 ±0.5 0.8 

728.6 ±l.O(b) 'V 0.1 1242.2 ±1.0 0.3 

731.9 ±0.5(b) 'V 0.2 1331.6 ±0.8 0.3 

748.7 ± 0. 7 (b) 'V 0.2 1366. 9 ±0.5 1.5 

752.0 ±0.5(b) 'V 0.4 1399.0 ±0.4 0.5 

762 ±1 (b) 
'V 0.3 1434.8 ±1.0 0.5 

764 ±1 (b) 
'V 0.2 1504 ±1.0 1.4 

779.6 ±0.5 0.25 1555.6 ±0.4 0.9 

783.2 ±0.2 0.39 1585.1 ±0.9 0.33 

805.8 ±0.2 0.82 1588.3 ±0.5 0.58 

836.7 ±0.4 0.6 1595.2 ±0.4 0.44 

839.6 ±0.4 0.7 1611.9 ±1. 6 0.34 

850.3 ±0.5 0.3 1632.2 ±0.4 0.82 

881.4 ±0.4 0.26 1637.3 ±0.5 0.56 

(continued next page) 
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TABLE 6.3 (continued) 

Energy Relative Energy Relative 
(keV) Intensity(a) (keV) Intensity(a) 

1642.8±0.6 0.54 1727.6±0.5 0.37 

1676.9±0.6 0.60 1755.7±0.7 0.37 

1680.1±0~5 0.83 1763.9±0.4 1.2 

1698.4±0.3 1.0 1767.2±0.4 1.4 

1711.3±0.6 0.37 1776.8±0.9 0.38 

1721.6±0.4 0.55 1782.0±0.4 0.86 

a) The relative intensity scale is the same as that in Table 6.1 

b) complex 

c) intensity determined from y-y coincidence data 
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TABLE 6.4 

Transitions Identified as Impurities 

Energy Relative Origin Energy Relative Oriqin 
(keV) In ten- (keV) In ten-

sity (a) sity (a) 

51. 38±0. OS Yb K 136.69±0.04 0.27 177Hf 
0.2 

52.30±0.1 Yb K 153.23±0.05 0.41 177Hf 
().1 

59.29~0.1 Yb K13 I 159.70±0.09 0.12 177IIf 
2 

61.0 ±o.2 Yb Ks I 162.37±0.15 0.12 
2 

66.94±0.04 0.37 Au Ka. 169.2 ±n.2 0.06 175Hf 
2 

68.79±0.04 0.68 Au Ko. 174.3 ±0.14 0.61 177Hf 
1 

72.76±0.04 4.4 Pb Ka. 176.61±0.04 1.6 174Yb(a.,a.•) 
2 

74.93±0.03 . 8.1 Pb Ka. 179.15±0.09 0.15 175Hf 
1 

76.42±0.04 7.9 1 7 4 Yb ( o. ,et ~ 1 R 5 . 9 ± 0 . 2 0.07 175Hf 

80.2 ±0.4 0.03 Au K
132 

1'17.10±0.04 3.0 1 9F(n,n 1
) 

81. 53±0. 06 0.20 175Hf 2!)6. 39±0. 05 0.93 174Hf 

(b) 
84.75±0.1 3.9 Pb Ks1' 

207.40±0.05 0.78 175Hf 

87.19±0.1 9.9 Pb Ks , 208.33±0.04 2.9 177Hf 
~2 

93.13±0.05 0.16 178Hf 
213.41±0.05 0.7 178Hf 

(b) 

100.74±0.04 0.19 175Hf 
214.4 ±o.1 0.1(c) 177Hf 

104.31±0.07 0.26 17SH£ 
216.15±0.05 0.36 

105.31±0.04 0.57 17~Hf 
228.52±0.16 0.18 177Hf 

109.84±0.04 1.7 19r(n,n') 231.04±0.10 0.30 l75Hf 

112.90+0.04 2.0 177Hf 238.36±0.07 0.33 16 0(rt,n) 19Ne(?) 

125.90"!0.04 0.78 175Hf 749.53±0.05 1.4 177Hf 

126.57±0.06 0.22 175Hf 274.96±0.07 0.37 175n£ 

128.46±0.04 0.48 17711 f 278.68±0.15 0.17 175Hf 

130.23±0.01) 0.09 175rf 289.6 ±o.4 0.11 

(continued next page) 



TABLE 6.4 (continued) 161 

Energy Relative Origin Energy Relative Origin 
(keV) In ten- (keV) In ten-

sity (a) sity (a) 

296.51±0.04 1.4 177Hf : 97 7 4Ge (n, n 1) 
(b) 

207Pb(n,n 1) 311.1 ±o.3 l.o<c> 174Hf 5f19.6 ±0.1 1.3 

317.58±0.13 0.21 175Hf 6 51.2 ±0.1 1.7 139 La(a,p) 

3.25.63±0.08 0.42 178Hf 661.6 ±0.2 0.6 137cs (?) 
(b) 

1.3(c) 7 2Ge (n, n 1) 339.6 ±0.1 6g3 

341. 73±0. 07 0.70 177Hf 802.92±0.12 2.8 206pb(n,n1) 

378.6 ±o.2 0.28 177Hf 834.0 ±0.4 0.5 

385.11±0.06 1.0 177Hf 843.4 ±0.2 1.2 27A1 (n ,n 1) 
(et,a 1) 

395.5o±o.lo 0.26 
56pe (n,n I) 846.7 ±0.1 2.5 

418.76±0.19 0.30 177Hf (et,a 1) 

426.31±0.09 r78 867.6 ±0.4 0.37 0.89 177Hf 
Hf 

177Hf(?) 
898.0 ±0.5 1.3 

466.10±0.11 0.67 
27Al(n,n') (b) 1014.46±0.13 2.1 

5oa.s ±o.3 4.3(c) (a,a') 

511.0 ±0.1 26.5 + -e e 1049.2±0.4 0.7 

547.4 ± 0. 2 0.6 177Hf 1234.6±0.7 0.4 19F(n,n1) 

558.4 ±0.1 8.9 113Cd (n,y) 1453.8±0.3 2.4 27Al(a,n) 

(a) The relative intensity scale is the same as that in Table 6.1. 

(b) complex 

(c) intensity of componeni: belonging to 176Hf (determined from 
y-y coincidence data) subtracted. 

(?) 
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enough to smear out the anisotropy. 

The energies and intensities resulting from these 

analyses are presented in Tables 6.1 to 6.4. Table 6.1 lists 

the transitions that feed members of the ground state band 

and includes both the assignments and the coincidence infor-

mation on which these were made. Table 6.2 lists the transi-

tions that feed the isomeric states while 6.3 and 6.4 respec-

tively list the unclassified transitions and those that have 

been identified in other reactiJns. The assignments will be 

discussed later. 

b) Excitation functions 

Singles spectra were re~orded at beam energies of 16.5, 

18.0, 19.5, 21.0, 22.5, and 24 MeV in order to determine the 

excitation functions for individual gamma ray transitions. 

These spectra 

and the ratio 

beam energy to 

were analysed in the fashion described above 
(Iy/I88)Ea 

(I /I )E was plotted as a function of 
Y 88 a=24 MeV 

obtain relative excitation curves for individual 

transitions. (The 88 keV line is the 2+0 transition of the 

g.s.b.) This procedurE· made it possible to distinguish 

transitions associated with the (a,2n) reactions from others 

and also to give a rough indication of the spin of the state 

deexcited by the transition. 

Fig. 6.5 shows the relative excitation function of a 

few transitions originating from the 174Yb(a,n) 177Hf and 

174Yb(a,a•) 174Yb reactions; the spins of the states which 



Figure 6.5 

Relative excitation functions of some gamma 

rays originating from contaminant reactions. 
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these transitions connect are also given. It may be seen 

that, as the bombarding alpha energy increases, the yields of 

these gamma rays decreases relative to that of the 88 keV 

line, the decrease being less rapid for lines originating 

from higher spin states. The shape of the curve for the 

466 (21/2 + 17/2) transition indicates that,with an alpha 

energy of 18 MeV, insufficient angular momentum is brought 

into the system to significantly populate states with spins 

> 21/2. The form of the curve for the 426 line clearly 

indicates that it consists of two components, one from the 

(a,n) reaction, and another from the (a,2n) reaction (re­

sulting in this. case in 178H~). 

The relative excitation functions of the g.s.b. transi­

tion in 176Hf, are shown in fig. 6.6. It is observed that 

the higher the spin of a.state, the more rapidly its yield 

increases with alpha energy, in accord with the expectation 

from the statistical theory. If the gamma deexcitation from 

the product nucleus werecompletely statistical, the excita-

tion functions for all states with the same spin should be 

identical and one could use them to assign spins uniquely. 

In fact, as pointed out in Chapter 2, this is not the case 
\ 

and therefore the shape of the excitation curve can only be 

used as a rough guide to the spin. Within a rotational band, 

however, the excitation curves may be used more confidently to 



Figure 6.6 

Relative excitation functions of transitions 

from the ground state band (upper set) and the 

K=2 octupole band (lower set). 
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check the ordering of the members. For example, the lower 

section of Fig. 6.6 shows the relative excitation functions of 

a number of transitions within the 2- octupole band. The 

changes in slope exhibited by the 339.6 and 1188.1 keV 

excitation functions clearly indicate the presence of un-

resolved components which do not arise from the (a,2n) reaction. 

Fig. 6.7 shows the excitation functions associated with 

+ the transitions within the K = 6 and K = 8 bands based on 

the 1333 and 1559 keV states. The figure also includes the 

excitation function for the 736 keV transition deexciting the 

1333 keV level. The 194.0 and 233.5 keV excitation functions 

are obviously due to doublets. 

6.3 In-Beam Conversion Electror Spectra 

Conversion electron spectra from 700 to 1400 keV 

were measured with the orange srectrometer at alpha beam 

energies of 18.5, 19.5, 20.5 and 22.5 MeV. The resultant 

spectra are shown in Fig. 6.8. The momentum resolution in 

these measurements was 0.9% corresponding to a line width 

of ~ 15 keV for electron peaks at 1300 keV. With this reso-

lution it was impossible to resolve many of the transitions. 

The situation is clearly revealed in Fig. 6.9 which 



Figure 6.7 

Relative excitation functions for transitions 

from the K = 6+ band at 1333 keV (upper set) 

and from the K = 8 band at 1559 keV (lower set). 

* Complex peak. 
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presents a portion of fig. 6.8 together with the correspon­

ding gamma ray spectrum. In the energy region presented, the 

electron energy is almost proportional to the momentum and it 

was therefore possible to adjust the energy scale of the 

gamma spectrum to match the momentum scale of the electron 

spectrum over the 400 keV range of fig. 6.9. When one con­

siders that the transition at 1043 keVin pure E2, it is 

clear that strong peaks at 935, 1032, 1100 and 1293 keV con­

tain large EO admixtures. 

In an attempt to resolve some of the multiplets in 

fig. 6.8, the spectrum was recorded again with better reso­

lution (0.5% in momentum) at a beam energy of 22.5 keV. 

The resulting spectrum, shown in fig. 6.10, is 

considerably better than the corresponding spectrum of fig. 6.8, 

but it is still not good enough to resolve all the conversion 

lines. It was not practicable to reduce the resolution much 

below 0.5% because of the severe loss in transmission which 

would have resulted. 

The electron lines observed are listed in table 6.5, 

together with the deduced K conversion coefficients (ak) ,the 

assigned multipolarity (where possible) ,and the theoretical 

conversion coefficients which have been taken from the tabula­

tion of Hager and Seltzer (1968). The electron intensities 

have been normalised to correspond to the gamma intensity 
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Table 6. 5 

Conversion Electron Intensities and Coefficients in 
176

uf 

E I Ie 
x'o3 

Theoretical cxK Assigned(a) 0 .. (b) 
r~g~n y y 

X 103 X 1Q3 Mu1tipolarity keV El E2 Ml 

736.21 + 0.05 28.9 179 + 3(d) 6.2 2.5 6.2 15.5 E2 (assumed) 

752 + 0.5 0.4 7.3+1.5 18 + 5 2.3 6.0 14.0 (Ml) 

764 + l 0.2 ' ., , , ,.. 
'+•"- T .loJ 21 + 8 2.3 5.8 13.5 (Ml) 

783.2 + 0.3 0.39 5.3 + 2.3 13.5 + 6 2.2 5.5 13.3 (Ml) 

787.1 + 0.2 1.0 4.5 + 2.3 4.5 + 2.4 2.2 5.5 13.3 

805.8 + 0.2 0.8 2.2 + 1.5 2.7+1.9 2.0 5.1 12.0 E1 

813.8 + '),3 0.30 9.0 + 1.5 'iU + 5 2.0 5.1 12.0 EO + E2 + Ml 2295.0 

850.3 + 0.5 0.3 3.9+1.5 13 + 5 1.9 4.6 10.6 (Hl) 

857.1 + 1.0 0.33 2.2 + 1.5 6.8 + 3 1.9 4.6 10.6 (IH+E2) 

908 + 1 0.2 1.7+0.8 8.5 + 3 1.6 4.0 9.3 (Ml + E2) (1906) 

911.8 + 0.3 1.8 1.3 + 0.6 0.7 + 0.3 1.6 4.0 9.3 E1 1508.6 

934.8 + 0.5 0.6t 24.0 + 1.3 17.1 + 2.6 1.5 3.8 8.4 EO + E2 + Ml 1932.7 
1-' 

935.8 + 0.5 0.8 -...! 
1\.) 

940 + 1 0.3 5.1 + 1.6 17.1 + 6 1.5 3.7 8.3 (EO+E2+H1) 

1023.0 + 0.1 3.2 5.8 + 1.2 1.8 + 0.5 1.3 3.2 6.9 E1 1313.2 



Table 6.5 (continued) 

E Iy I a.K Theoretical aK Assigned(a) Origin (b) 
y e 

keV X 103 X 103 X 103 Mu1tipo1arity 

E1 E2 Ml 

1031.7 + 0.3 1.4 36.7 + 2.6 25.6 + 4.4 1.3 3.1 6.8 EO+ E2 + Ml 1628.6 

1043.0 + 0.1 18.5 51.4 + 2.6 2.7+0.5 1.3 3.0 6.6 E2 1333.1 

1078.9 + 0.3 0.4 1.3 + 1.0 3.3 + 2.3 1.2 2.9 6.0 

1088.1 + 0.5 0.5 < 2.6 < 5.2 1.2 2.8 5.8 

1099.9 + 0.3 1.6t EO + E2 + M1 1390,~ 

34.0 + 2.6 21.2 + 3.8 1.1 2.8 5.8 
1100 + 1 'V0.3 

1108.7 + '"' <: 
- < 1. 3 < :.~ , , 2.7 5. 7 ') . ..) .... _._ 

1114.2 + 0.1 2.2 < 1.3 < 0.6 1.1 2.6 5.6 E1 1404.3 

1138.1 + o.5<c) 1.1 1226.4 
17.2 + 1.3 7.8+1.3 1.1 ... <': 5.3 EO+ E2 + :t-U 

1139.4 + o.5(c) 
-. \J 

1.1 

1149.5 + 1.0 <0.1 4.0 + 1.9 > 40 1.1 2.6 5.2 EO 1149.5 

1155.6 + 0.7 0.7 6.0 + 1.9 8.6 + 3.4 , , 2.5 5.2 (I-ll) 1445.7 -'-•-'-

1159.2 + 0.2 lO,Ot 20.1 + 1.3 1.9 + 0.5 1.1 2.5 5.2 E1 + (M2+.r....;) (e) 

1160.1 + 0.8 

1188.1 + 0.2 4.0 5.7 + 1.3 1.4 + 0.4 1.0 2.4 5.0 E1 1785.0 
I-' 
--.] 

' w 1201.8 + 0. 7 0.4 I 

0.6t 
1. 7 + o. 7 1. 7 + 0. 7 0.98 2.3 4.7 

1204.8 + 0.6 



Table 6.5 (continued) 

E I I '1<: Theoretical aK Assigned( a) Origin(b) 
y y e Multipolarity keV X 103 X 103 X 103 

El E2 Ml 

1210.0 + 0.3 0.9 2.2 + 0.6 2.5 + 0.8 0.97 2.3 4.6 (Ivll + E2) 

1218.4 + 0.1 (c) 5.0 

1218.4 + o.s<c) 
13.0 + 2.6 2.6 + 0.5 0.95 2.2 4.5 

0.5 

1224.9 + 0.1 7.3 
11.0 + 1.9 1.3 + 0.3 0.94 2.2 4.5 E1 1313.2 

1227.5 + 0.2 1.4 

1250.1 + 0.4 1.0 2.6 + 1.3 2.6 + 1.3 0.90 2.2 4.3 (Ml+E2) 

1252.6 + 0.3 2.1 6.5 + 1.9 3.1 + 1.0 0.90 2.2 4.3 (Ml + E2) 1341.0 

1281 + 1 (c) 0.4 1.9 + 1.3 4.8 + 3 0.87 2.1 4.2 

1290.8 + 0.2 1.2 )t 10.4 + 2.6(f) 8.7 + 2.9 0.86 2.0 4.0 EO + E2 + M1 1379.2 

1293.2 + 0.5 38.7+6.5(f) >100 0.86 2.0 4.0 EO 1293.2 <0.38) 

1301.8 + 0.3(c) 1.3 

1301.8 + 0.3(c) 
6.5 + 1.9 2.0 + 0.7 0.85 2.0 3.8 

1.9 

1306.8 + 0.1 2.6 
4.5 + 1.9 1.5 + 0.7 0.85 2.0 3.8 

1307.0 + o.s 0.4 

1331.6 + 0. 8 0.3 1.3 + 0.8 4.3 + 3 0.82 1.9 3.6 
1-' 

1335.9 + 0.4 1.11 
-..J 
~ 

1338.6 + 0.4 1.8 6.5 + 1.9 0.82 1.9 3.6 

1341.3 + 0.3 1.8 



Table 6.5 (continued) 

E I I ~ Theoretical ~ Assigned(a) Origin(b) 
y y e Multipolarity keV X 103 X 103 X 103 

El E2 Ml 

1347.4 + 0.2 1.2 3.2 + 1.9 2.6 + 1.6 0.80 1.9 3.6 

1357.4 + 0.1 2.8 6.5 + 1.3 2.3 + 0.5 0.79 1.8 3.5 (Ml + E2) 1445.7 

1362.7 + 0.5(c) 
0.9 t 

1362.7 + 0.5(c) 
5.8 + 1.3 4.5 + 1.0 0.78 1.8 3.5 

0.4 

1366.9 + 0.5 1.5 1.9 + 1.0 1.2+0.7 o. 77 1.8 3.4 

1385.7 + 0.3 2.1 + 
2.o- 1.0 1.3 : u • ..; 0. 76 1.8 3.4 El or E2 1675.8 

1399.0 + 0.4 0.5 < 0.7 < 1.4 0.75 1.7 3.2 

1419.6 + 0.2 1.0 0.9 + 0.5 0.9 + 0.5 0.73 1.7 3.2 (El) 1709.7 

1427.1 + 0.2 0.8 2.2 + 0.7 2.7 + 0.9 0.73 1.7 3.1 (Ml + E2) 2024.0 

1434.8 + 1.2 0.5 < 0.7 < 1.4 o. 70 1.6 3.1 

1437.7 + 0.2 1.6 2.0 + 0.7 1.2 + 0.5 0. 70 1.6 3.1 

1448.4 + 0.6 0.8 1.1 + o. 7 1.4 + 0.9 0.70 1.6 3.0 

1453.8 + 0.3 2.4< 0 1.2 + 0.4 0.5 + 0.2 0.70 1.6 3.0 

1460.2 + 0.7 0.8 < 0.7 < 0.9 0.69 1.6 2.9 El 2457.6 

1476.7 + 0.2 1.2 2.5 + 0.7 2.1 + 0.7 0.68 1.6 2.9 (Ml + E2) 1766.8 

1489.0 + 0.3(c) 4.2 t ..... 
.._J 

U1 

1489.0 + o.5<c) 
6.5 + 0.7 1.2+0.3 0.67 1.5- 2.8 

1.0) 

1499.8 + 0.5 1.0 4.3 + 0.4 4.3 + 0.8 0.66 1.5 2.8 (Ml) 2096.7 



Tabled 6.5 (continued) 

E I I ~ Theoretical ~ Assigned(a) Origin (b) 
y y e 

X 103 Multipolarity keV X 103 X 103 

El E2 Ml 

1504.0 + 1.0 1.4 ! 
1508.0 + 0.8 

2.0 t 5.0 + 1.1 1.1 + 0.3 0.66 1.5 2.7 

1510.2 + 0.8 1.2 

1520.0 + 0.3 1.2 1.1 + 0.5 0.9 + 0.4 0.65 1.5 2.6 (E1) 2116.9 

1525.0 + 0.2 0.4 0.7 + 0.4 1.7+1.0 0.65 1.5 2.6 

1540.2 + 0.5 0.4 0.4 + 0.4 l.O + 1.0 0.64 1.4 2.6 

1555.6 + 0.4 0.9 2.5 + 0.4 2.7 + 0.5 0.63 1.4 2.5 (}U + E2) 

1559.5 + l.O(c) 0.3 

1559.5 + l.O(c) 
o.~ 2.0 + 0.5 1.7 + 0.5 0.62 1.4 2.5 

1563.0 + 0.8 0.9 

1571.6 + 0.8 1.2 2.1 + 0.7 1.8+0.7 0.62 1.4 2.4 (Ml + E2) 1860.7 

1585.1 + 0.9 0.33t 
1.0 + 0.4 1.1 + 0.4 0.61 1.4 2.4 

1588.3 + 0.5 0.58 

1595.2 + 0.4 0.44 < 0.5 < 1.1 0.60 1.4 2.3 

1612 + 1 0.34t 
1.8+0.7 0.8 + 0.3 0.58 1.4 2.3 ...... 

1614.2 + 0.3 2.0 (E1) 1903.7 -....) 

0"\ 

1621.3 + o. 3 0.7 0.9 + 0.5 1.3+0.8 0.57 1.3 2.3 



Table 6.5 (continued) 

E I I ~ Theoretical aK Assigned(a) Origin(b) 
y y e 

keV X 103 
X 103 

X 103 Multipolarity 

El E2 Ml 

1632.2 + 0.4 o.s~t 1.1 + 0.5 0.8 + 0.3 0.56 1.3 2.3 
1637.3 + 0.5 0.56 

(a) A bracket indicates a tentative assignment. A (Ml+E2) assignment is considered to be Ml and/or E2. 

(b) The level from which a transition originates; this is given only when the multipolarity is known. 

(c) Resolved by coincidence measurement. 

(...;) ::vrmalization. 

(e) El- M2- E3 admixture deduced from branching ratios (see Table 7~)~ consistent with coversion coefficient. 

(f) Separation of the electron complex at 1293 keV based on the intensities given by Bernthal et al (1971). 

(g) Might contain an impurity line. 

..... 
-..J 
-..J 
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scale, using the fact that the strong 736 keV transition is 

pure E2 in character (Borggreenet al. 1967). The K-conversion 

coefficient is then simply defined as 

I e 
a = --k Iy 

A check on the normalisation procedure is provided by the 

agreement between the experimental and theoretical values of 

ak for the 1043 keV E2 transition. The energies quoted in 

Table 6.5 were taken from the gamma ray measurements. The 

superior precision and resolution in these measurements made 

it possible to determine the positions of the corresponding 

conversion electron lines within an unresolved peak. These 

peaks were then decomposed into components using the line shape 

of the strong 736 keV K-line appropriately modified to allow 

for the change in line width with momentum. The difficul-

ties inherent in this process led to large uncertainties in 

many of the conversion line intensities and the resulting con-

version coefficients. Nevertheless, the results are adequate 

to identify those transitions which are either pure EO or 

contain a large EO admixture. In some cases it has also been 

possible to distinguish between El and (Ml+E2) transitions. 

In making this analysis, it has been tacitly assumed that the 

transitions of higher multipolarity (M2, E3 etc) do not occur 

with measurable intensity. 

At the time when this thesis was being prepared, the 
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conversion electron data were extended to include the range of 

electron energies from 150 to 800 keV. These measurements 

were made at a beam energy of 24 MeV and a resolution of 0.5%. 

Although the data obtained in this experiment is not included 

in the thesis, the measured conversion coefficients for a few 

of the crucial transitions have been used in the interpretation. 

6.4 The y-y Coincidence Data 

The y-y coincidence experiment was performed and 

analysed in the manner described in section 4.6. A total of 

34xlo 6 events were collected on fifteen 2400 ft. magnetic 

tapes over a period of three days. In the analysis, gates 

were set on and around 122 peaks, in the manner previously 

explained and an equal number of coincidence spectra were 

generated. A selection of the coincidence spectra associated 

with these gates is shown in Fig. 6.11 to 6.24. Fig. 6.11 

to 6.13 show the spectra in coincidence with successive 

members of the ground state band. The relative intensities 

of many of the lines in this sequence of spectra uniquely 

defined their positions in the level scheme. Fig. 6.14 pre­

sents the spectra in coincidence with the two gamma rays de­

exciting the 1333 keV isomer. These spectra show only the 

members of the ground state band and are free of the back­

ground caused by the prompt high energy gamma rays which 

accompany the decay of the highly excited nucleus. 



figures 6.11-6.18 

A selection of y-y coincidence spectra, recorded 

with 38 cc and 50 cc Ge(Li) detectors. In these 

figures, a symbol beside a peak label indicates 

that it is coincidence with a component in the 

gate labelled with the like symbol. 
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Fig. 6.15 presents the coincidence spectra associa­

ted with transitions between the beta band, whose band head 

falls at 1150 keV, and the ground state band. Most of the 

peaks appearing can be associated with the transitions shown 

in the partial decay scheme. The 1138 and 1139 keV gates 

were obtained by setting windows on the upper and lower por­

tions of the unresolved 1138 keV doublet. The 1139 keV com­

ponent deexcites a level at 2137 keV. Similarly, the 935 

and 1100 keV gates contain components which define 

levels at 1533 and 2098 keV respectively. The weak 

362 keV transition, which appears in fig. 6.11 and 6.13, connects 

the 10+ and 8+ members of the beta band. The 10+ member is 

more firmly established by the 814 peak in fig. 6.12 and 6.13. 

The next three figures (6.16, 6.17 and 6.18) present 

evidence for the 2- octupo1e band, whose states are shown in 

the partial decay scheme of fig. 6.16. This figure presents 

the spectra in coincidence with five of the interband transi­

tions. Most of the peaks appearing can be interpreted in terms 

of the level scheme: the 264 keV peak in the 1225 keV gate 

connects the level at 1577 (not shown) to the 1313 keV state. 

The levels at 1964 and 2050 keV are not members of the 2- band. 

Fig. 6.17 shows the spectra in coincidence with the 157 and 

249 keV cross-over transitions within the 2- band. The 

presence of 202-157 keV coincidences suggests that the 157 keV 
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gamma ray is a doublet but we have been unable to explain 

the second component. The 462-157 and weak 462-1159 keV 

{not shown) coincidences tentatively define a level at 1866 

keV. The 249 keV gate includes two transitions, one of which 

is in 177Hf. The problem of separating these is complicated 

by the fact that both components are in coincidence with transi-

tions of ~ 341 keV. The lines at 293, 411 and 1316 keV are 

unexplained. Fig. 6.18 shows the spectra in coincidence with 

the 311 and 340 keV gamma rays which feed the 1653 keV state. 

The two spectra are very similar except for intensity. The 

311 gate contains a line in 174Hf which brings up several 

members {indicated by t) of its g.s.b. Similarly the 340-2 

t t ' 1' . l??Hf h' h b ' h . . ga e con a1ns a 1ne 1n w 1c r1ngs up ot er 1mpur1ty 

lines (indicated by*); all the rest of the transitions are 

explicable in terms of the level scheme except for the 540 and 399 

keV peaks. 

This selection of coincidence spectra will serve to 

illustrate the quality of the data and to support many of the 

levels which have been defined in this work. All of the data 

were used in the analysis, and the level structure tested by 

means of coincidence probabilities derived in the manner des-

cribed below. 

Each coincidence spectrum was analyzed to obtain the 

coincidence probability betw~en the gating transition and each 

transition appearing in coincidence with it, using the ex-
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pression 

c .. 
1] 

N .. 
= 1] 

N \1' {E:w). (E:W) 
0 g 1 j 

where c .. (=c .. ) is the coincidence probability between y. and 
1] ]1 1 

y. ~ 
J 

N. . is the number of r~oincident events occurring between 
1] 

the gate and the full energy peak of the gamma ray in the 

spectrum; 

w is the fraction of the full energy peak of the gating 
g 

transition that is included ~n the gate; 

(E:W). and (E:w) . are the appropriate coincidence detec-
1 J 

tion efficiencies; and 

N is the total number of gamma rays from the target. 
0 

N
0 

was determined by normalizing to the well-known 

307-202 keV (6+ ~ 4+) cascade of the ground state band (g.s.b.) 

Relative efficiency curves were determined for each detector, 

using the 736~307~202~88 and 1043~202~88 keV cascades fol-

lowing the decay of the 1333 keV isomers. Interpolated points 

on the curve were obtained using standard sources in a similar 

but not precisely identical geometry (see section 3.5). 

In order to use these cascades for the purpose of 

efficiency calibration, it was necessary to m;e the theore-

tical E2 conversion coefficients and to ignore angular cor-

relation effects. Since the 10 ~sec isomer has lost its 

initial alignment before it decays, correlation effects in its 
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deexciting gamma rays are small <~ 10 to 15%) and negligible 

compared to other uncertainties in the coincidence measure-

ments. 

The experimentally determined C .. 's may be compared 
lJ 

with the values expected from the level scheme. For two 

directly coincident gamma rays, y. andy., as shown in fig. 5, 
l J 

the coincidence probability is defined by C .. = I.f., 
lJ l J 

I ... 
y. 

J 

where I. = 
l 

f. = 
J 

the intensity of 

upper number of 

cascade and 

the fraction of 

the 

the 

the 

decay proceeding through • competing modes 
of decay inclu­
ding internal 
conversion 

I 

~ 
y .• 

J 

ror indirect cascades, the coincidence probabilities may be 

derived when the appropriate branching ratios are known. 

Alternatively, one may divide the experimental C .. by the lJ 
factor f. to obtain the intensity of the upper member of the 

J 

gamma-gamma cascade. T''lis intensity, ri, can then be com-

pared with the intensity obtained from the singles measurement. 

This approach is particularly suited for transitions feeding 

members of the g.s.b. since in these cases the value of f. 
J 

is constant for all the transitions feeding a given level. 
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c Table 6.1 presents values of IE for all of the transitions which 

are in prompt coincidence with transitions within the g.s.b. In 

this case E takes the values 88, 202, 307 and 401 keV corres-

pending to the four lowest transitions in the bands and the 

values c 
of fj required to compute IE are simply 

the total conversion coefficient of the 

transition. 

It is clear that for a transition feeding a given level 

of the g.s.b., the values of Ii should remain constant as one 

proceeds up the band and drop to zero when one passes that 

level (the 736 keV transition provides a good example). In 

c many cases the value of IE drops but does not go to zero, thus 

indicating that there are two (or more) unresolved gamma rays· 

feeding the g.s.b. (the 1218 keV doublet is a good example of 

this situation). The members of the ground state band listed 

in table 6.1, show normal behaviour as long as the transition 

is the upper member of the cascade. When the transition 

c energy is less than E, the value of IE represents the intensity 

of the gamma ray of energy E (a good example is provided by 

the 201 keV transition). This behaviour provides a critical 

test for the ordering of the members of the g.s.b. 

The values of ri may be subject to rather large 

uncertainties due to errors in the efficiency curves c~ 15%) 

and in the determination of peak areas. The latter is dominant 

for weak peaks. Angular correlation effects from aligned nuclei, 
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which may be up to 40% for stretched E2 cascades, also con-

tributes to the uncertainty. The 401 keV transition pro-

vides a good example of the effect of a stretched E2 cascade 

c on the IE values. Since in general, the angular effects are 

unknown, one cannot 

singles intensities 

expect systematic agreement between the 

c and the IE values to better than ~ 30%. 

For gamma rays which do not feed the ground state band 

directly, it proved simpler to compare the experimental Cij 

values directly with those predicted from the level structure. 

These values are tabulated in Table 6.6. Some of the infer-

mation in this table has already appeared in the alternate 

form in Table 6.1. Its main usefulness is in locating transi-

tions within and between members of the high lying bands. 

Since the conversion coefficients were usually unknown, the 

values of fj and therefore of (Cij>expected could not be 

predicted with much precision. In cases where the level struc-

ture suggested E2 transitions, E2 conversion coefficients were 

used; in cases of Ml+E2 character, pure Ml conversion was 

assumed. It was particularly difficult to estimate C .. values lJ 
for pairs of gamma rays in an indirect cascade since the 

errors were cumulative. For many of these cases, no estimate 

of the expected C .. has been included in Tables 6.6. In a lJ 
few instances, it has been possible to use the conversion 

coefficients measured by Bernthal et al. (1971) and Borgreen 

et al. (1967). In general, agreement between expected and 
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Table 6.6 

Coincidence probabilities of transitions associated with 

the K=2 octupole band 

E. E. c.' c .. c expected 
~ J ~J J~ 

144,146 88 rv0.03 0.06 

202 0.22 0.30 0.37 

307 0.05 rv0.03 0.05 

1218 0.22 0.21 0.14 

1307 0.08 0.12 0.13 

157 88 0.31 0.44 0.38 

202 0.22 0.20 

249 O.S6 1.1 rvl.2 

311 0.17 0.21 0.26 

340 0.23 0.38 

426 <0.04 rv0.08 

·462 0.13 0.12 (a) 

1159 2.6 2.4 2.7 

249 88 0.71 0.75 0.59 

91 rvO.lO rv0.2 

196 0.15 (a) 

202 J • 0 1.2 1.6 

311 0.57 0.86 rv1.0d) 

340 1.1 d) (a) 

410 0.086 

(continued next page) 
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Table 6.6 (continued) 

E. E. c .. c .. c expected l J lJ Jl 

249 426b) 0.28 0.3b) 
(cont 1 d) 

1023 0.44 0.33 0.4 

1114 0.54 0.4 1.0 

1159 2.1 2.1 1.9 

1225 1.3 1.1 0.9 

1316 0.15 

311 88 0.20 0.15 

92 0.15 

196 0.20 (a) 

202 0.62 

207°) 0.58 

307 0.09 

401°) 0.18 

1023 rvO.l 

1159 0.39 0.53 0.59 

1225 0.41 0.25 rv0.20 

337,£)340 88 0.40 

113b) rvO.l 

342b) 137 0.16 

202 0.72 

249,250b) 1.4 1.4 (a) 

307 0.19 

399f) rv0.5f) 0.75 0.6 

(continued next page) 
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Table 6.6 (continued) 

E. E. c .. c .. c expected l. J l.J Jl. 

426b) 0.39 

461 rv0.08 

1023 rv0.2 rvO.l 0.24 

1056 rv0.09 rvo.oa 

1114 rvO.l5 0.14 'V0;.25 

1159 0.95 0.58 1.2 

1225 0.58 0.39 0.54 

1023 88 0.21 0.44 0.46 

91 0.07 <0.19 

202 1.8 2.0 2.6 

264 0.11 0.09 

1155,1159 88 1.2 1.3 1.5 

202 0.54e) 0.47e) 0.56 

1225 88 0.70 0.84 1.0 

91 0.22 <0.44 

196 0.12 (a) 

264 0.15 0.19 0.21 

306 0.22 

611 0.29 0.17 0.23 

(a) I. found from c .. 
J l.J 

(b) 177Hf line from (a,n) reaction 

(c) 174Hf line 

(continued next page) 
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Table 6.6 (continued) 

(d) Complex; contribution of contaminant line subtracted 

(e) Coincident with the 1155 keV line 

(f) Only ~ ; of this Jeak in gate; Cij given corrected 

for this~ 
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measured C .. values of 20 - 100% were considered acceptable, 
1] 

depending on the individual case. 

6.5 Identification of Contaminant Lines 

With an alpha beam of energy 22.5 MeV, the 174Yb(a,2n) 176Hf 

reaction is dominant but there is still a contribution from the 

174Yb(a,n) 177Hf process. The strongest 177Hf line (208.3 keV) 

176 observed was 3% of the strongest Hf line (201.8 keV). 

Since the cascades down two of the strongly populated 

rotational bands in 177Hf are well known from studies on the 

decay of 177Ta (Haverfield et al 1967) it was often possible 

to identify lines originating from 177Hf in this reaction study 

by examining their energies and relative intensities. More­

over, the excitation functions for 177Hf lines are in sharp 

. 176 
contrast to those for Hf (see fig. 6.5 and 6.6). 

Isotopic impurities in the target (see page 83 ) led 

to the formation of hafnium isotopes of mass 174, 175 and 178. 

Fortunately, their decays were known from previous work (174Hf, 

Ejiri and Hagerman (1971); 175Hf, Rezanka (1971); 178Hf, Helmer 

and Reich (1968) and Ryde et al (1971)). Although only the 

strongest transitions in the hafnium impurities appeared in 

our spectra, they were evident in both the singles and coinci-

dence measurements and often created difficulties in inter-

. b h . . h ' 176 Hf pretat1on ecause t e1r energ1es were so close to t ose 1n . 

Contaminants also appeared from the {a,n) and (a,a') 

reactions induced in the aluminum and iron of the beam line and 
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target chamber. The well known broad peaks at 597 and 693 

keV arising from the (n,n') reaction in germanium were present 

in all the spectra. These c~e their peculiar skewed shape 

to the ionization enerqy generated by the recoil of the 

germanium atoms in the detector. 

A more subtle source of contaminants in the spectra 

arose from the (n,n') reaction in the material surrounding the 

detector. It was found that the relative intensities of such 

lines varied from run to run, depending on the detector en­

vironment and appeared at energies below the 174Yb(a,2n) 176Hf 

threshold. One of the strongest of these is the 803 keV line 

206 . 
from the (n,n') reaction in the Pb present in the shielding. 

The lines at 110, 197, and 1235 keV which appeared in our 

spectra arose from the 19F(n,n')reaction in the material 

(presumably teflon) used in the Ge(Li) detector mounting. 

Other workers (Yamazaki and Ewan (1969) and Barneoud et al 

(1970)) have attributed these lines to the (a,p) reaction in 

16o. While this may be one source of these lines, we believe 

that the (n,n') reaction on fluorine is mainly responsible 

for the ones appearing in tre present experiment. This claim 

is based on the fact (i) that they have been seen in the gamma 

ray spectra arising from (p,xn), (a,xn) and ( 7Li,xn) reactions, 

and (ii) that they did not disappear when the detector was 

shielded from the target by sufficient lead to eliminate target 

induced gamma rays in the 100 keV region. Since the creation 
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of the 176Hf nucleus is accompanied by neutron emission, these 

neutron induced gamma rays also appeared in both the y-y and 

y-ydelayed coincidence spectra. 

Table 6.4 presents the energies and intensities of the 

observed impurity lines. This list has proven useful in 

eliminating lines which might otherwise have been used in the 

construction of the 176Hf level scheme. 

6.6 The Decay of the Isomeric States 

The delayed gamma spectra were recorded in the manner 

described in section 5.3. Fig. 6.19a shows a spectrum accu­

mulated with the 38 cm3 Ge(Li) detector over the full 80 ~sec 

period following an irradiation. This spectrum was obtained by 

summing the sixteen spectra recorded at 5 ~sec intervals in 

this period. For the stronger lines, it was of course pos­

sible to determine their half lives by following their decay 

in these sixteen spectra. For the weaker lines this was not 

possible; in order to separate those transitions that decayed 

appreciably in the 80 wsec observation period from the longer 

lived components, the sum of the last eight groups was subtracted 

from the sum of the first eight to obtain the spectrum of Fig. 

6.19b. This spectrum identifies those lines with half lives 

less than ~ 80 ~sec. The negative peaks are associated with 

the build-up of activities during the observation period. 

The bombarding energy in this experiment was 22.5 MeV. 



Figure 6.19 a, b 

Delayed y-ray spectra from the decay of the 176Hf 

isomers. 

(a) top: sum of spectra from 0-80 ).lsec. 

(b) bottom: difference of the spectra from 
the first and second 40 ].lsec 
periods. 
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The strong transitions at 88, 202, 307, 736, 1043, 

173 and 226 keV in Fig. 6.19 are also prominent in the in­

beam spectrum and belong in 
176

Hf. This assignment is in 

agreement with that ofBorggreenet al. (1967) who observed 

these lines by means of the 176Lu(p,n) 176Hf reaction. The 

peaks in Fig. 6.19a marked with an asterisk arise from the 

well-known 23/2- isomeric state of half life 1.1 sec in 
177

Hf 

(Haverfield et al., 1967 and Alexander et al., 1964). The 

fact that the 113, 297 and 385 keV members of this group 

also appear in Fig. 6.19b shows that they are fed from a much 

shorter-lived isomer in 177Hf. Since the 547 keV gamma ray, 

which appears in Fig. 6.19a and very weakly in Fig. 6.19b, 

is in coincidence with these three lines and since both the 

297 and 545 keV lines decay with a half life of 40±10 ~sec, 

these data appear to define a new isomeric state in 177Hf 

at an excitation of 1341.8 keV. The lines marked with a 

dagger (t) in Fig. 6.19a are associated with the decay of 

isomers in 178Hf (Ryde et al., 1971). The fact that 326 

keV line still appears in the Fig. 6.19b is unexplained. 

The peak at 558.4 keV with a half life of ~ 14 ~sec 

appeared only in this one spectrum and is due to an 

impurity. The remaining weak transitions in the spectra 

are unexplained. 
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The low energy gamma rays following the decay of 

the isomers were also studied with a 0.9 cm3 Ge(Li) detector 

at an a energy of 24.0 MeV. The detector was unshielded 

except for a 1 mm Cd foil. Unfortunately, in this experiment, 

the beam pulser was not operating properly and about 10% of 

the beam leaked through during the observation period. Despite 

this, it was possible to obtain "clean" delayed spectra from 

the data by subtracting the spectra recorded in the late time 

periods from those obtained in the early periods. The re­

sulting "difference" spectrum is presented in Fig. 6.20. 

A measure of the effectiveness of the subtraction process is 

provided by the absence of the Yb X-rays which are very 

prominent in the in-beam spectra. 

Fig. 6.20 clearly identifies the 53.5 keV transition 

which had been postulated but not observed in earlier studies 

(Borggreen et al,l967). It is completely masked in the in-

beam experiments by the strong X-rays from Yb and Hf. The promi­

nent 226.3 keV line forms about 20% of an unresolved triplet 

in the in-beam spectra but is isolated in the delayed spec-

trum of Fig. 6.30 . The origin of the weak low energy shoulder 

on this peak has not been identified. 

The efficiency curve of the 0.9 cc detector in 

this one run was determined from the g.s.b. transitions, 

whose relative intensities were calculated from the known 

decay scheme of the 1333 keV isomer (fig.5.1) ,using the 
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. 1 736 28 9 
rat1o I = 18 : 5 obtained from the in-beam experiments. 

1043 
The relative efficiency in the 50 keV region was determined 

by comparing the observed and expected K X-ray intensities. 

The expected intensities were calculated by first determining 

the total intensities of the K-conversion electrons, and then 

correcting for a fluorescent yield of 94% to obtain the total 

X-ray intensity; relative intensities of 100, 54, 33 and 8 

were assumed for the K , K K ' K ' a 1 a 2 ' S1 ' S2 X-rays respectively 

(Lederer et al 1968). 

A summary of the transitions de-exciting the two 

· · l 7 6 f . . t b 1 6 7 Th . t . t . 1somers 1n H 1s g1ven Ln a e . . e gamma 1n ens1 1es, 

Iy' obtained with alpha beam energies of 22.5 and 24.0 MeV, 

have been obtained from the diff~rence spectra. 

Table 6.7 shows unambiguously that the multipole 

character of the 53 keV transition is El, since only in 

this case is its transition intensity equal, within experi-

mental errors, to that of the 173 keV transition, with which 

it is in cascade coincidence. This assignment confirms 

that of Borgreen et al. (1967). The total transition 

intensities, T, [T = Iy(l+aT)] obtained from the higher 

beam energy, are also tabulated, using the total internal 

conversion coefficient, aT, shown. 
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TABLE 6.7 

Transitions Following Decay of Isomers 

Energy I I aT Transition y y 
(keV) E =22.5 MeV E =24.() MeV (Theor.) Intensity a a E =24.0 MeV a 

88.3 5.5±0.6 6.1 ±0.6(c) 6.l(E2) 43.5±4 

201.8 35.2±3(b) 35.2±3(c) 0.24(E2) 43.6±3 

306.8 26.9±3 25.0t2(c) 0.07(E2) 27.0±2 

736.2 28.9±2(a) 0.006(E2) 29.1±2 

1043.0 16.7±2 0.003(E2) 16.7±2 

53.49 5.6='1.1 0.34(El) 7.5±1.51 

4.l(Ml) 28 ±6 J 
49(E2) 280 ±56 

(d) 
172.8 4.2±0.4 6.0±0.6 0.65±0.10 9.9±1.2 

226.25±0.06 1.3±0.15 1.65±0.15 1. 9 (M2) 4.8±0.5 

(a) Normalized to the in-beam singles intensity 

(b) Intensity to normalize the 24 MeV spectrum to the 

22.5 MeV spectrum 

(c) Intensities used to e~;tablish the detector efficiency 

curve. 

(d) Value of aT taken fron Borgreen et al 1967. 
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The relative population of the 6+ and 8- isomers at 

1333 and 1559 keV may be derived from the transition intensi-

ties. The population of the upper isomer is proportional to 

the sum of the intensities of the 173 (or 53) and 226 keV 

lines; the population of both isomers is proportional to 

the intensity of the 88 or 202 keV line. The results are 

tabulated below: 

Population of 8-Isomer 

Population of 6+Isomer 

[Pop. of 8- Isomer] 
Pop. of 6+ Isomer 

E =22.5 MeV a E =240.0 MeV 
a 

6.7+3.8=10.5±1.2 9.9+4.8=14.7±1.3 

35.2-10.5=24.5±3 35.2-14.7=20.5±3 

0.43±0.07 0.72±0.12 

As might be expected, the higher spin isomer is more 

highly populated with a higher beam energy, since more angular 

momentum is brought into the system. 

6.7 Lifetimes of the 1333 and 1559 keV States in 176Hf 

The decay curves of a number of gamma rays were de-

termined in the manner described in section 5.4, and two 

typical spectra are shown in Fig. 6.21. The decay curves 

of the 173 (or 226) keV transition, which depopulates the 

1559 keV isomer is a straight line on a semilogarithmic plot, 

while that of the 202 keV or an{ other gamma ray associated 

with the decay of the 1333 keV _somer, shows the shape charac-

teristic of an activity undergoing simultaneous growth and decay. 



Figure 6.21 a, b 

Decay curves for the (a) 173 keV and (b) 202 

keV y-rays associated with the decay of the 

1559 and 1333 keV isomers, r3spectively. The 

slope of the curve in figure 6.2lb does not 

give the half life of the latter state. 

(see text) 
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The half-life of the 1559 keV state was obtained 

from a least squares determination of the slope of the 173 keV 

decay curve and the weighted average from three separate 

experiments gave a value of 9.8±0.2 ~sec. 

As has already been indicated in section 5.4, a 

simple slope determination does not yield the correct half­

life for the 1333 keV isomer and therefore the 12.8 ~sec 

value derived in Fig.6.2lb for the 202 keV transition has no 

physical meaning. The half-life of the 1333 keV state was 

measured in a separate delayed coincidence experiment (see 

section 5.4 (ii) for details) in which the TAC was started by 

a pulse of selected energy Qn the 50 to 300 keV range) and 

stopped by any delayed event. In this experiment, 128 dif-

ferent time spectra were simultaneously recorded, each associa­

ted with "start" events of a given energy. The time spectrum 

associated with a particular "start" photopeak was obtained 

by summing the spectra associated with the channels in the 

peak and subtracting therefrom the spectra associated with an 

equal number of background channels. Fig. 6.22 presents a 

selection of six time spectra obtained in this manner. 

Since the 202 and 240-300 keV "start" pulses are 

associated with gamma rays which decay promptly to the ground 

state of 176Hf, the time spectra associated with these energies 

are due to chance , and provide the shape of the decay for 
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chance events,which is needed for analysis of the other time 

spectra. The spectrum associated with the K x-rays is like­
a 

wise mainly due to chance* • On the other hand the time 

spectra associated with the 54+ X-ray, the 173 keV and the 

226 keV "start" energies contair both a chance component and 

a stronger one determined by thE decay of the 1333 keV isomer. 

The time spectra associated with these three gates provide 

striking evidence that these transitions feed the 1333 keV 

isomer; all of the other gates yielded time spectra similar 

to the upper three in Fig. 6.22. 

The spikes in the upper three spectra are due to 

prompt y-y coincidences involving the g.s.b. The spikes in 

the three lower spectra are due to a combination of incorrect 

background subtraction and the prompt coincidences arising from 

the weak 174 and 228 keV transitions arising from the decay of the 

1.1 sec isomer in 177Hf. Events in the 5 ~sec time interval 

to the left of the spike in the three lower spectra are due 

to chance. The shape of the chance spectrum should be a smooth 

curve connecting this section to the 120 ~sec region. The 

points to the left of the spikes in the three upper curves are 

due to a combination of chance and true delayed coincidences 

between the gamma rays feeding and deexciting the 1333 keV 

state. 

* This time spectrum contains a significant delayed coinci-
dence component associated with the X-rays accompanying the in­
ternal conversion of the 53 and 226 keV transitions. 



:Figure 6.22 

Delayed coincidence spectra associated with the 

1333 keV isomer. The energy of the first "start" 

y-ray is given; any second y-ray provides the 

"stop" event. 
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Figure 6.23 

1333 keV isomer delayed coincidence 

spectra (chance subtracted) 
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Fig. 6.23 shows the result of subtracting the chance 

component from the decay curves associated with the 173 and 

226 keV transitions. This component was obtained by summing 

the time spectra for the 202 and 240-300 keV "start" energies 

and normalizing this sum spectrum to the 173 and 226 keV time 

spectra for delays greater than 100 ~sec. The difference spectra 

follow an exponential decay over ~ 2 decades and the half-

lives obtained by the analyses of the two spectra are in 

gratifying agreement. The value of 9.5±0.3 ~sec for the 

1333 keV isomer is quite insensitive to the shape of the chance 

spectrum which was subtracted. The 9.5 ~sec value is in 

marked disagreement with the value of 13.0±0.5 ~sec obtained 

by Borgreen et al (1967) for the 1333 keV state. It is, however, 

in fair agreement with the value of 10.5±0.7 ~sec by Brandi 

et al (1964). 

6.8 Results of the Delayed Coincidence Experiments 

The results of the y-yd 1 d and the y-yd 1 d-e aye e aye 

ydelayed experiments descrined in section 5.5 are presented 

below. The lower energ1 half of the contents of the four 

sections of the memory, obtained with one dett~ctor, are 

presented in Fig. 6.24. (A severe gain shift in the response 

of the other detector used in the run made ib> data unusable). 

The singles spectrum A(Tag 00) is composed of events for which 



Figure 6.24 

y-ray spectra from the delayed 

coincidence experiments 
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no delayed events were detected. Spectrum B (Tag 01) contains 

those events followed by any unspecified delayed event. Spec­

trum C (Tag 10) includes events where the pulse height of the 

delayed gamma ray corresponded to the photopeaks of one of the 

transitions following the decay of the 1333 keV state. 

Spectrum D (tag 11) emphasizes those gamma rays which feed 

the 1559 keV state. Spectra B and C were combined to identify 

all gamma rays feeding either isomer and corrected for chance 

as described below. 

A comparison of the relative intensities of lines in 

the four spectra was often sufficient to determine which gamma 

ray fed which isomer. For example, the 226.0, 246.0, 300.9 

keV lines clearly feed the upper isomer while the 172.9 and 

194.1 keV gamma rays feed the lower. Since the 201.9 keV 

transition is a member of the g.s.b., its presence in 

spectra B, C or D of Fig. 6.24 must be due to chance and 

can be used to correct for chance events. The result of sub­

tracting the appropriate fraction of the singles spectrum A 

from spectra B + C and spectrum D is shown in spectra E and 

F respectively of Fig. 6.25 and 6.26. Spectrum E now contains 

only transitions which feed either one of the two 

isomeric states. Spectrum F still includes chance events 

arising when one of the two delayed gamma rays was chance 

and the other was true. The spectrum of these chance events 

has the same shape as spectrum E and the latter was used for 



Figure 6.25 

y-ray spectra (chance subtracted) 

from the delayed coincidence 

experiments. Spectrum E continued 

on figure 6.26 
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the chance correction. Since the 172.8 keV gamma ray feeds 

only the lower isomer, its presence in spectrum F is entirely 

due to chance and the fraction of E subtracted was adjusted 

to remove it. The true spectrum associated with two true 

delayed events is presented in spectrum G; all the gamma rays 

in this spectrum feed the upper isomer. 

Table 6.2 presents the energies of the gamma rays 

associated with delayed events, together with their intensities 

in the singles spectrum, and the single and double delayed 

coincidence spectra. Finally, the table shows the classifi-

cation for each transition. 

6.9 Procedure for Determining theLevelsDecaying to the 
Isomers 

The details concerning the identification of the 

levels which feed the isomers are conveniently discussed to-

gether with the y-y and (y-y)-ydelayed coincidence data. 

However, the general proced1re used in constructing the level 

scheme is first presented ac> an aid to the reader. The data 

will be presented in section 6.10. 

In this section we are concerned only with gamma rays 

which decay to the isomers, i.e. those identified (section 6.8) 

in the delayed coincidence experiments and listed in table 

6.2. The transitions which feed the 1559 keV isomer are 

further identified in the double delayed coincidence experiment. 
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The strong 173 and 225.7ganuna rays feed the 1333 and 1559 keV 

isomers directly and represent the lowest transitions within 

the bands built on these states. Other transitions which 

feed these bands are in prompt coincidence with these two 

radiations. Transitions which feed the isomers and are not 

in prompt coincidence with one of the pair must either feed 

one of the isomers directly or belong to some other cascade. 

The relationships between the various transitions 

were established from the prompt y-y and (y-y)-yd 1 d · e aye 

coincidence information. Their relative intensities (table 

6.2) and the measured coincidence probabilities were suf-

ficient to establish the ordering of the transitions. Cascade-

crossover energy relationships provided a useful check. 

Coincidences among contaminant lines caused some 

difficulty in the interpretation of the coincidence data. For 

the purposes of this section, these contaminants include not 

only products of other reactions, but also all gamma rays from 

the 174Yb(a,2n) 176 Hf reaction which by-pass the two isomers. 

The spectra from the (y-y)-yd 1 d experiment were very use­e aye 

ful for .identifying these extraneous transitions. These 

spectra represent prompt coincidences which are followed by 

delayed events (either true or accidental). Since no attempt 

has been made to remove the contribution caused by accidental 

delayed events, extraneous transitions still remain but with 

noticeably reduced inten:>i ties. 
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'l'able 6. 8 

Coincidence Probabilities foj~ Gamma rays Associated 

with the 10~ sec. Isomers 

E. E. c .. c .. cexpected 1 J lJ Jl 
(KeV) (KeV) 

172.7 53.5 4.0(g) 4.4(g) 

64 'l)s ) 0.18 

90 0.045 

160 0.041 

194 0.95 1.2 1.4 

214 0.28 0.35 <0.46 

227 0.25 0.16 (a) 

234 0.17 0.11 

252 o.o5(b) 

331 0.11 rv0.07(b) rv0.2 

385 O.lO(b) 0.06(b) rvo.os 

408 0.55 0.67 (a) 

413 0.078 0.1 

421 0.35 0.42 0.57 

425 0.95 0.97 0.87 

447 0.26 0.28 0.40 

468 o.o8(b) <0.02(c) 

485.8 0.11 0.12 

512.5 rvo. 1 

548.5 rvo.os 

567 o.os 
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E. E. c .. c .. c 
expected l J lJ Jl 

(KeV) (KeV) 

172.7 601 0.15 
Cont. 

607.5 0.26 0.08 

618 0.16 ru0.1 

627 ,).11 ru0.09 (a) 

631.5 0.095 

668 ru0.06 

709 0.057 

767 0.09 ruQ.15 

802 ru0.07(b) (c) 

833 ruQ.16 

191.6 226 ru0.035(b) 0.069 

194 56(K ) 0.86 a. 

6 4 (Kg ) 0.22 

214 0.35 0.48 0.55 

234 0.06 0.06 

249 o.o5(b) 

385 0.07 0.06 0.1 

413 0.13 0.11 

447 0.31 0.28 0.48 

485 0.04(D) 0.05 

618 0.15 "vO. 1 

627 o.o6(b) ''-·0. 05 (b) rc,Q. 0 3 

768 o. 08 (b) '\,Q.07 



2~3 

E. E. c .. c .. cexpected l J lJ Jl 
(KeV) (KeV) 

194 802 <0.1(b) (c) 
Cont. 
214 88 0.15 

234 0.10 0.23 

249 0.05 

367 0.22 0.13 0.23 

485 0.06 

628 ru0.04 (c) 

708.4 ruO. 0 8 (b) 

768 0.09(b) 0.12 

225.7 54 0.9 

64 0.24 

110(d) 0.05 

163 0.11 0.18 

229 0.39 0.43 0.52 

246 1.9 2.2 1.4 

263 0.46 0.58 0.45 

270(e) 0.08 

273(e) 0.08 

301 0.14 0.10(b) (a) 

337 0.07(b) o. o a· 

344 0.10 

368 0.25 0.12 

408.7 0.46 0.40 o.s<h) 

508.9 0.18 0.15 (a) 

533 0.14 0.18 



E. 
1 

(KeV) 

225.7 
Cont. 

226.9 

246.0 

252 

263 

E. 
J 

(KeV) 

537 

554.4 

576 

647 

756 

783 

849 

337 

163 

263 

270(e) 

273(e) 

301 (b) 

337 

344 

368 

533(e) 

537(e) 

447 

105 

270 

c .. 
lJ 

0.12 

0.08 

0.16 

0.10 

0.08 

0.11 

0.-L5 

rv0.07 

0.08 

0.74 

0.05 

0.05 

<0.10(J) 

0.07(b) 

0.09 

0.28 

0.11 

0.19 

0.05 

0.10 

224 

c .. c expected Jl 

rv0.04(b) rv0.23 

rv0.08 (a) 

0.17 0.21(£) 

rv0.08 (a) 

rv0.08 

0.18 

0.75 0.56 

rv0.06 

0.11 (a) 

0.25 0.12 

0.13 

0.06(b) rv0.3 

'\.0.06(b) 
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E. E. c .. c .. c expected 1 J lJ Jl 
(KeV) (KeV) 

263 344 0.19 
Cont. 

472 0.11 rv0.06 

533 0.13 0.17 

331 133 0.04 rvo. 12 

425 0.34 0.35 rv0.4 

460.7 0.06 

465 rv0.06 o. 0 8 "-0.12 

472 rv0.09 

367 385 rv0.05(b) 

447 C.09 0.21 0.24 

472 

802(b) <0.15 

399 337 rv0.7 0.63 

408 234 0.15 0.17 

252 'v0. 10 rv0.1 

485 0.09 0.16 0.06 

425 154 <0.01 (c) 

157 0.04(c) 

468 ).12 (b) <0.03(c) 

461 465 0.25 0.19 

602 0.08 
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E. E. c .. c .. l J lJ Jl 
(KeV) (KeV) 

c expected 

465 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

133 0.22 

156 0.04(b) 

221 o.o6(b) 

246 0.06(b) 

287 0.17 

347 0.07(b) 

467 0.2 ( i) 

I. found from c ... 
J lJ 

At limit of detection. 

Not observed 

19F (n,n') 

Unresolved. 

0.16 

0.2 

0.2 

Intensity from delayed coincidence experiment used 
for determining C d. expecte 

K contribution already subtracted. a 

Contribution of 408.3 com1'onent subtracted before 
determining C t d" expec e 

465-467 and 467-465 coincidence observed in pe~k; 
therefore C .. only half the observed value. 

l) 



Figures 6.27-6.32 

y-y coincidence spectra associated with transitions 

populating the isomeric stateE. 

(u) indicates a line of unknown origin. 

~) indicates a transition having !educed relative 

intensity in the y-y-y d 1 d spectrum; the transition, e aye 

therefore, does not feed either isomer. 
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The statistics obtained in this experiment were poorer than 

those from the corresponding gate in the simple y-y coinci-

dence experiment, so that ill the case of weak peaks it was 

often impossible to use this criterion. 

6.10 The y-y and (y-y)-yd 1 d Coincidence Data e aye 

Figures 6.27 to 6.32 present spectra in coincidence 

with a selection of gates obtained in the y-y and (y-y)-yd 1 d e aye 

coincidence experiment (sections 4.6(ii) and 5.6). 

These data provide the essential evidence for the level scheme 

which was finally adopted. Many other gates were analysed 

and provided confirmatory evidence. The complete results are 

summarised in table 6.8, where the experimental and expected 

C .. 's are compared in the manner outlined in section 6.4. The 
lJ 

level scheme (which will be discussed in detail in Chapter 7) is 

reproduced in Fig. 6.33 to facilitate the discussion of the 

data presented. 

Figure 6.27 shows the spectra coincident with the 173 

and 194 keV gamma rays. These are the lowest two cascade 

transitions in the rotational band built on the 1333 keV 

isomer (labelled Bin Fig. 6.33). In the 173 keV gates, the 

lines at 194, 214, 234, 251, 408, 447 and 485 keV are transi-

tions within band B. Transitions between bands A and B appear 

at 413, 421, 607 and 619 keV. The peaks at 331, 385 and 

425 keV are associated with transitions in band C and between 
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levels in C and B. The transition at 227 keV (which was an 

unresolved member of a triplet in the in-beam singles spec-

truro) proceeds from a level at 1732 keV. The gamma rays of 

energy 627, 667, 768 and 802 keV proceed from tentatively 

identified levels. The transitions marked with a dagger (t), 

which appear with reduced intensity in the (y-y)-ydelayed 

spectrum, are due to coincidences in 177Hf. While the gamma 

ray at 234 keV also appears in 177 Hf, the peak in this gate 

is too strong and must contain a component belonging to 176Hf. 

This is confirmed by the fact that its intensity is not re-

duced in the (y-y)-yd 1 d spectrum. The 511 keV annihilation e aye 

line arises from pair production caused by high energy gamma 

rays. Unclassified weak peaks which appear with reduced in-

tensity in the (y-y)-yd 
1 

d spectrum have been labelled e aye 

"r"1 these are unrelated to the isomers. Peaks whose origins 

are completely unknown are indicated by the symbol "u". 

Finally, the 54 keV transition connecting the 1559 and 

1506 keV states is evident in this gate (cf. 194 gate). The 
Ka 

K contribution to this line may be obtained from the --K 
a ~ 

ratio observed in the 194 keV gate. The efficiency of the 

detector in the 50 keV region was obtained from the X-ray 

intensities of the g.s.b. gates, in a manner similar to that 

outlined in section 6. 6. From tJ te measured coincidence 
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probability, the value of aT may be deduced* as < 0.7. This 

value is consistent with the El assignment made in section 6.6 

(see table 6.7). 

The spectra coincident with the 194 keV transition 

confirms the deductions made from the above gates; the lines 

which are present in both gates feed the band B at the 1700 

keV or some higher level. The 88, 307 and 736 keV gamma rays 

are due to a contribution in the gate from the tail of the 

strong 202 keV g.s.b. transition. The relative intensities of 

these lines are, therefore, reduced in the (y-y)-ydelayed 

spectrum. Also the 385±1 keV transition appears to be reduced 

in intensity in the (y-y)-ydelayed spectrum; however the fact 

that it is in coincidence with both the 173 and 194 keV transi-

tion suggests that it feeds the 1700 keV member of the band B. 

This appears to be the same transition as the 386.3±0.6 keV 

gamma ray identified in the delayed coincidence experiment. 

Figure 6.28 presents spectra in coincidence with three 

transitions within band B (214, 367 and 408 keV). The 214 keV 

gate shows the expected peaks at 173, 194, 234, 367 and 485 

T54 < Tl73 - ~ Ti ~ 18-7 = 11, 
~ 

where T represents the total transition intensity, and where 
the summation over i is for all the observed transitions 
feeding the 1506 keV level. 

1 + a = T54;r 
T y54 

aT ~(11/6.4)-1 = 0.7 
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keV arising from transitions in band B. The 768 keV peak, 

which appeared also in the 173 and 194 keV gates reveals 

coincidence probabilities consistent with its assignment as 

a transition to the 1914 keV level, defining a state at 2682 

keV. The gate also contains a number of peaks arising from 

177Hf and 178Hf. The 88 keV peak is unexplained. 

The 367-368 keV gate contains two gamma rays. The 

367 keV transition brings up the 214 and 447 keV peaks of 

band B and the 413 keV transition from band A to band B. 

The 368 keV transition is a transition from band E to band D 

(see Fig. 6.34) and is in coincidence with the 226, 246 and 

472 keV members of band D. The 202 and 417 keV peaks are un-

explained. The 408-409 keV gate also includes two gamma 

rays. The 408 keV component is responsible for the peaks at 

173, 234 and 485 keV of band B. The 409 keV component is a 

transition from band E to D and brings up the 226 keV line 

in the latter band. 

Fig. 6.29 presents the spectra in coincidence with 

gates set at 425 and 465 keV. The former gate contains the 

425 keV transition between band C and band B, a 426 keV 

. . . 177 f d 427 k v t . . . 178 f trans1t1on 1n H an a e rans1t1on 1n H . The 

425 keV component is responsible for the 173 keV transition 

of band B and the 331 keV gamma ray of band C. The peaks 

marked with a dagger belong l:o 177Hf while those with a double 

dagger are associated with 178Hf. The origins of the weak 

peaks at 137, 155+157, and 467 are unknown. The 465 and 
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467 keV gamma rays are in direct cascade and both are con­

tained in the gate. The 465 keV transition is responsible 

for the 133, 288 and 3Jl keV transition of band c, as well 

as the 461 and 467 keV transitions which define levels at 

2259 and 2265 keV. The 297 and 385 keV lines are due to a 

466 keV line in 177Hf. The remaining lines are of unknown 

origin. The presence of 467 keV lines in the 173 and 425 

keV gates appear to contradict the decay scheme shown in 

Fig. 6.33 and in the insert. However, the coincidence proba­

bilities deduced from these three 467 keV peaks show that 

the 465-467 keV cascad~ is at least five times stronger than 

either the 467-173 or 467-425 keV cascades. Moreover, 

the 465 keV gate shows no evidence for either a 173 or 425 

keV peak. We conclude that the 467 keV lines appearing in 

the 173 and 425 keV gates are due to statistical fluctuations. 

Similar arguments can be made with respect to the weak 156 keV 

peak which appears to define a 156-467 keV cascade. However, 

since no 467 keV peak appears in the 156 keV gate, its reality 

is subject to doubt. 

Fig. 6.30 presents the spectra in coincidence with the 226 

and 246 keV transitions in band D. The 226 keV gate brings up 

the 246, 263, 270 and 509 keV trdnsitions within band D, the 163, 

229, 344, 368 and 409 keV transitions between bands E and D, 

and the 783, 537 and 554 keV transitLons Nhich feed the 1785 

and 2031 keV states of band D and the 201± keV state of band E. 
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The 576-226 and 647-226 keV cascades are observed in the 226 

keV and reverse gates and define levels at 2361 and 2433 

keV. The weak 192 keV transition is seen only in the 226 keV 

gate and in the delayed coincidence experiment and tentatively 

defines a level at 1977 keV. The 273 and 302 keV gamma rays 

from triple cascades with the 246 and 226 keV transitions and 

are also seen in the reverse gates. They therefore define 

levels at 2304 and 2333 keV,respectively. The evidence for 

246-302 keV coincidences in Fig. 6.30 is very marginal but is 

clearer in the reverse gate (not shown) where the 307 keV peak 

is absent. If one discounts the evidence for 302-246 keV 

coincidences, the 302-226 keV data would place the 302 keV 

transition between the 2086 keV member of band C and the 

second member of band D. 

The 533 keV transition is part of the 533-263-246-226 

keV cascade and thus defines a level at 2827 keV. It also 

fits between the 2564 and 2031 keV levels of band D but the 

coincidence data indicate that essentially all of its strength 

feeds the 2294 keV state. 

The 173 and 337 keV peaks are associated with the levels 

at 1732 and 2070 keV. Much stronger support for these levels 

is presented in the 400 keV gated spectrum of Fig. 6.32. 

The 88, 202 and 307 keV peaks of the 246 keV gate 

arise partially because of an incomplete subtraction of the 

background and partially because the Compton edge of the 401 
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keV g.s.b. transition falls within the window. 

The spectrum in coincidence with a gate set on a 

window at 264 keV is shown in Ficr. 6.31. This gate contains 

the 263 keV transition of band D and two other gamma rays not 

related to the isomers. The 263 keV gamma ray is responsible 

for the peaks at 226, 246, 270, 472 and 533 keV. The 264 

and 265 components bring up the 1023, 1225 and the 1188 keV 

components respectively and are jointly responsible for the 

members of the g.s.b. (see insert of Fig. 6.31). The 344 

keV peak has been used to identify the level at 2638 keV. 

This gamma ray is also seen in coincidence with the 226 and 246 

keV members of band D with coincidence probabilities of ~ 0.1, 

roughly half of the value for the 263-344 keV cascade. This dis-

crepancy suggests that there may be a second very weak 344 keV 

line in coincidence with either the 264 or 265 keV transitions 

in the gate. 

Fig. 6.32 shows th~ spectrum obtained by setting a 

gate on the lower side of t,e strong 401 keV g.s.b. transition. 

The lines at 196 and 337 keV which are accentuated in the 

(y-y)-yd 1 d spectrum are coincident with the 399 keV gamma e aye 

ray included in the gate. ~ comparison of this spectrum with 

that of Fig. 6.13 derived f om a gate set squarely on the 401 keV 

peak, shows that all the otter peaks in Fig. 6.32 are associated 

with 401 keV component. The 337-399 keV cascade, together with 

the celative intensities of these two transitions establishes 

levels at 1732 and 2070 keV. The 1732 keV state is supported 
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by the 227 keV gamma ray (see Fig. 6.30). The 196 keV 

transition appears to deexcite the 2265 keV level which has 

been established by means of the 467-465 keV cascade (see 

Fig. 6.29). 



CHAPTER 7 

DISCUSSION OF THE LEVELS IN 176Hf 

7.1 Introduction 

I th o t d f 176 Hf 0 1 90 1 l h n 1s s u y o ,approx1mate y eve s ave 

been identified. About 60 of these have been interpreted 

in varying degrees in terms of the unified model. These 

include the members of (a) the ground state band up to 

spin 12, (b) a K = a+ band at 1150 keV up to spin 10, 

(c) a K = 2 octupole band up to spin 9' (d) a K = 3(+) 

band up to spin 8, (e) a second K = 0 band of which only 

two members have been identified, (f) three high K bands which 

decay to the 1333 keV isomer, and (g) two high K bands which 

decay to the 1559 keV isomer. In addition a number of high 

K states which feed the isomers have been located. 

Those bands which feed the ground state band directly 

are shown in Fig. 7.1, while those which feed the isomers 

are illustrated in Fig. 7.2. These level schemes also 

include a number of levels of unknown character which decay 

to one of fue bands. Other ·evels which have not been grouped 

into bands are not shown in a usual level scheme, but instead, 

are listed in Table 7.1. This table gives the energy of the 

level, the states to which it decays and the corresponding 

transition energies and intensities. 
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Figure 7.1 

Level scheme of states in 176Hf which decay promptly 

to the ground state band. (See table 7.1 for 

additional levels not included in this scheme). A 

filled circle at the end of a transition (at the 

arrow head) indicates that tLe transition was observed 

in a y-y coincidence gate set_ on a transition following 

it. A filled circle at the beginning of a transition 

indicates that the transition was observed in a gate 

set on a transition immediately preceeding it. 

Unfilled circles denote tentative coincidence evidence. 
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Table 7.1 

Additional levels in 176Hf (not shown in level scheme) 

Level Energy 
Initial State Final State Transition Energy Intensity 

(a) 

( [1454.0] 596.9) 857 ± 1 0.33 

1532.5 596.9 935.8 ± 0.5 o.ac) 

([1609.3) 997.9) 611.4 ± 0.33 0.33 

([1643.4] 88.3) 1555.6 ± 0.4 0.9 

0 1642.Bb)± 0.6 0.54 

1709.7 290.1 1419.6 ± 0.2 1.08 

88.3 1621. 3b) :± 0.3 0.85 

1766.8 290.1 1476.7 ± 0.2 1.2 

([1775.0] 596.9} 1177.7c)± 0.8 0.3c) 

1815.2 596.9 1218.4 ± 0.8 o.5c) 

290.1 1525.0c)± 0.5 0.4c) 

1830.3 290.1 1540.2 ± 0.5 0.4 

1853 290.1 1563 ± 1 0.9 

( [1878] 596.9) 1281 c) 
± 1 0.45c) 

( [1906] 9~7.9) 908 ± 1 0.2 

([1924.6] 1313.2) 611.4 ± 0.6 0.2c) 

([1959.6] 596.9) 1362.7 ± 0.2 0.9c) 

290.1) 1670.lb)± 0.4 0.7 

2024.0 596.9 1427.1 ± 0.2 1.0 

2116.9 596.9 1520.0 ± 0.3 1.2 

2305 997.9 1307 c)± 1 0.4c) 

(continued next page) 
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Table 7.1 (continued) 

Level Energy Final State Transition Energy Intensity 
Initial State 

(a) 

([2446.9] 997.9) 1448.0 ± 0.6 0.8 

( [2458.1] 997.9) 1460.2 ± 0.7 0.8 

2557 997.9 1559.5 ± 0.8 0.3 

2565 997.9 1567 ± 1 0.2 

a) A square bracket [) indicates that the level assignment 
is tentative; a curved bracket between two levels indicates 
a tentative transition assignment. 

b) Assigned on the basis of energy fits only; no y-y 
coincidence information available. 

c) Obtained from y-y coincjdence data. 
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Each of the identified bands will be discussed in 

turn. The notation adopted to represent the spin, angular 

momentum projection (on the nuclear symmetry axis) and parity 

of a level is I Kn. 

7.2 The Ground State Band 

(i) Identification 

The members of the ground state band (g.s.b.) are 

strongly populated in the (a,2n) reaction and are, therefore, 

fairly easy to identify. Th<~ members up to spin 12 have 

been observed in this study. Previous studies by Borgreen 

et al. (1967) and Bernthal et al. (1971), on the 176La(p,n) 

176 . 176 176 Hf react1on and the Ta decay to Hf, respectively, 

have established the g.s.b. levels up to spin 6. The energies 

of the levels determined by the latter are in excellent 

agreement with those measured in this work. That the levels 

at 997.91, 1481.24 and 2034.8 keV are indeed the I=~, 10 

and 12 members of the g.s.b. is supported by the fact that 

the 400.99, 483.33, 553.6 keV transitions are E2 in character. 

Secondly, the excitations of these transitions (see Fig. 

6.6) show that they originate from levels of increasing spin. 

Thirdly, the ordering of the transitions is unambiguous from 

the coincidence data of Fig. 6.11, 6.12 and 6.13. Finally, 

the energy spacing is characteristic of a rotational band, 

as shown below. 
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(ii) Discussion 

The rotational energy of a K = 0 band is, to first 

order ,given by 

E = AI (I+ 1) ( 7. 1) 
0 

-1'12 'I 

where A = 2-] is referred to as the rotational parameter (~ 

is the effective moment of inertia). When higher order 

coupling effects, e.g. rotation-vibration coupling, are in-

eluded, the energy may be written as a series expansion in 

I (I+l) (Nathan and Nilsson, 1965): 

( 7. 2) 

The members of the rotational band have been fitted to eq. (7.2) 

by a least squares procedure. Two fits were made, one with 

C set at zero and the other with C treated as a free parameter. 

The procedure yields, in the first case: 

A= 14.72 keV and B = -11.11 eV (7.3a) 

and, in the second case, 

A= 14.80 keV, B = -14.56 eV and C = +0.0216 eV. (7.3b) 

These results are shown in columns 3 and 4 of table 7.2a. It 

is clear that the inclusion of the C term improves the fit 

significantly. 

Table 7.2 also includes the predictions of the variable 

moment of inertia model (VMI) of Mariscotti et al. (1969) 

which leads to the expression: 

( 7. 4) 
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TABLE 7. :~ 

Experimental and Predicted Energies for bands in 176Hf 

(All energies in keV) 

TABLE 7.2a 

Ground state band 

Calculated Energies 
I Eexpt 2 parameter 3 parameter VMI 

fit (a) fit (b) fit (c) 

0 0 0 0 0 

2 88.32±0.05 87.92 88.26 88.1 

4 290.14±0.07 289.96 290.28 289.6 

6 596.92±0.08 598.63 597.37 596.2 

8 997.91±0.09 1002.24 997.85 998.3 

10 1481.24±0.10 1484.74 1480.05 1486.5 

12 2034.8±0.14 2025.97 2035.6 2052.3 

a) A = 14.72 keV B = -11.11 eV 

b) A = 14.80 keV B = -]4.56 ev c = +0.0216 ev 

c) Least squares fit by Mariscotti et al. (1969) 1 see text. 
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--- - ·~ .. - -----

K = 0' band at 1150 KeV 

I Eexpt Fit (d) 

0 1150 1151.2 

2 1226.4 1225.0 

4 1390.2 1389.6 

6 1628.6 1629.9 

8 1932.7 1932.0 

10 2295.0 2295.1 

(d) 4 parameter fit A = 12.47keV B = -29.76 eV 

c ::: +0.099 ev Eo = 1151.2 keV 

TABLE 7.2c 

K = 6+ 
Q, 

band 

I Eexpt Fit (e) 

6 1333.12 1333.3 

7 1505.86 1505.7 

8 1699.98 1699.8 

10 2147.69 2147.8 

11 2399.0 2398.9 

(e) A = 12.94 keV B = -6.30 eV E = 0 801.0 keV 
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K = + 6 band u 

I E Fit (f) 
expt 

6 1761.5 1761.5 

7 1926.7 1926.7 

8 2112.8 2112.8 

9 2318.4 2318.4 

(f) A = 12.38 keV B = -5.93 eV E0 = 1251.8 keV 

{N.B. The experimental and calculated energies are 
identical) 

TABLE 7.2e 

K = a~ band 

I Eexpt Fit (g) Fit (h) 

8 1559.36 1559.4 1559.26 

9 1785.1 1784.8 1785.4 

10 2031.1 2031.4 2030.9 

11 2293.9 2293.7 2294.0 

12 2563.5 2563.5 2572.7 

(g) A = 11.49 keV B = +15.74 eV C = -0.0767 eV 

E0 = 679.4 KeV 

(h) A= 13.78 B = -7.52 eV E0 = 578.9 spin 12 

member excluded in fit 



I 

8 

9 

10 

11 

12 

(i) A= 7.10 keV 

TABLE 7.2f 

K=7 and/or 8~ 

--· t.:.expt 

1860.3 

2014.4 

2194.2 

2399.0 

2638.1 

B = +9.22 eV 

Spin 12 excluded in the fit. 

TABL~ 7.2g 

K=(6 and/or 

I Eexpt 

7 1798.0 

8 1')30.9 

9 2J85.7 

10 2261.7 

( j ) A= 7.47 keV B == 6.73 ev 

-7 ) 

Eo 

Fit (i) 

1860.13 

2014.9 

2193.8 

2399.1 

2633.2 

E0 = 1301.0 keV 

Fit ( j ) 

1797.9 

1931.2 

2085.4 

2261.8 

= 1358.2 keV 

252 
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for the energy of the band member with spin I. The first 

term expresses the increase in potential energy associated 

with increasing angular momentum. The second term is the 

usual rotational kinetic energy expression. The value of 

~ appropriate to each spin value is the value which makes 

EI a minimum, i.e. the value defined by the equation 

C3EI tJ) 
d .,..y = 0. ( 7. 4a) 

/ 
There are two adjustable constants in this model: c-Y which is 

0 

regarded as the ground state moment of inertia and C which is 

the "restoring force constant". In the paper by Mariscotti 

et al., values of EI predicted from the model are tabulated 

for a wide range of nuclei, using the expe~imentally known 

energies to obtain the parameters J ·'and C. For 176Hf, the 
0 

energies of the members up to spin 8 were used in their 

fitting procedures and the energies of the states up to I=l6 

predicted from the model. The discrepancy between the pre-

diced and experimental values amount to 5 and 18 keV for 

the 10+ and 12+ states respectively.* 

In order to test if a drastic breakdown of the 

rotational spacing occurs for higher spin members, it would be 

of interest to excite these members with higher energy alpha 

beams (> 27 MeV) or heavier projectiles. Such a breakdown, due 

to the Coriolis anti-pairing effect, was predicted by 

* The experimental energies available to them were not as well 
known as those given in Table 7.2. However, the discrepancies 
in energy are sufficiently small that it would not have 
significantly altered their predictions. 
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Mottelson and Valatin (1960) and seen in other deformed nuclei 

158 160 . 162 
(e.g. Dy, Dy and Er (Johnson et al., 1971)). This 

is a phase transition effect, occurring above a certain cri-

tical spin, at which the Coriolis force breaks down the effect 

of the pairing force and allows the nucleus to rotate as a 

rigid body. 

7.3 The K = 0+ band at 1150 keV 

(i) Identification 

The construction of the levels of this band, based on 

coincidence evidence has already been discussed in section 

6.4 {Fig. 6.15). The pure EO character of the 1150 keV 

transition unambiguously defines a IKTI = 00+ assignment for 

the level at that energy. The large EO ad~ixtures in th~ 

1138.1, 1099.9, 1031.7, 934.8 and 813.8 ke~ transitions, 

together with the coincidence data, definitely establish the 

spin sequence of the levels at 1226.4, 1390.2, 1628.6, 1932.7 

and 2295.0 keV as 2, 4, 6, 8, 10, respectively, all with 

positive parity. The assigned spins are confirmed by the 

relative excitation functions of the above mentioned 

transitions. The rotational spacing of the level energies 

suggests that the levels are indeed members of the same K = 0+ 

band. The energies may be fitted (within < 1.4 keV) to an 

expression of the form of equation (7.2) with the addition of 



a constant term E , as shown in Table 7.2b. 
0 
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The I=O and 2 members of this band have also been 

observed in decay studies (Bernthal et al., 1971). 

(ii) Mixing between the beta and ground state bands 

The beta vibration and the ground state band are 

expected to mix through the rotation-vibration interaction 

(Nathan and Nilsson, 1965; Ejiri and Hagemann, 1971). A 

sensitive indicator of this mixing is provided by the E2 transi-

tion rates between the bands. The reduced rates for such 

transitions are given by: 

( 7. 5) 

where QSg (I' I)=~ <gj0(E2) js>. 

In this notation, the 

ground state would be 

intrinsic quadrupole moment of the 

defined as Q = /I6TI
5
6 TI Q . 

0 / --s gg 

In the presence of mixing, the wave functions of the 

ground state and beta b. tnds, are given by l/Ju (I) and l/J .Q, (I) in 

equation 3.82 if one reJ>laces "a" by "S" and "b" by "g". 

The interband quadrupole matrix element (see eq. 3.83a) is 

given by 

( 7. 6) 
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0 
where QA'A are the unperturbed matrix elements; N1 is the 

normalizing constant (l+ai 2
) anj ai is the mixing coefficient 

given by eqn. 3.81. For the case where the interaction matrix 

element is much smaller than the unperturbed energy separation, 

i.e. 

first order perturbation theory is applicable, giving 

Ht3 
a rv - _M._ 

I Eo-Eo s g 

(7.7a) 

The interaction matrix is usuallt expanded (Ejiri and Hagemann, 

1971) as a simple power series of I(I+l). Therefore, to 

first order, 

Ht3g rv h I(I+l) + ... 
0 

and h I(I+l) 

" 
0 

a I -
Eo-Eo 

13 g 

Substituting into equations 7.6, one obtains 

Q (I 1 I) rvQ 0 

Sg Sg 

h 
{l+[I(I+l)-I'(I'+l))[ 0

) 
Eo-Eo 

13 g 

( 7. 7b) 

( 7. 8) 

where the last two terms in eqn. 7.6 have been dropped since 

0 0 o
1313 

rv Qgg and a 1 a 1 , is a second order term. 

It is obvious that when I' =I, o
13
g(I'I') reduces to 

the unperturbed matrix element Q~g· Moreover, QSg(I'I)/QSg(I'I') 

is approximately a linear function of [I(I+l)-I' (I'+l)] in this 
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first order perturbation treatment. Ejiri and Hagemann (1971) 

have shown that this expression describes the beta and ground 

state band mixing (up to spin 6) in 174af. It is of interest 

to.see if this simple treatment is applicable to 176Hf. 

The ratio QSg(I 1 I)/QSg(I'I') may be related to the 

observed gamma ray transition intensities I and I 1 through 
y y 

the expression 

Q Q ( I I I ) I ( I I I ) /E 5 
~1-' gC-r:=---=:,...-,- = [ y y ] 
Q Q g ( I I I I ) I ( I I I I ) /E 5 

1-' yl yl 

1/2 
<I 1 200II 10> 

<I 1 200!IO> 

where Iy 1 (E2)/Iy 1 (Ml) . 

1/2 

[1 + !._] 
02 

( 7. 9) 

The last factor in eqn. 7.9 thus corrects for the presence of 

an Ml component in the I' + I' (i.e. the 6I=O) transition. 

Table 7.3 presents the energies and intensities of 

the interband transitions from which the ratios Q .(I 1 I)/Q (I 1 I 1
) 

Sg Sg 

of column 4 were obtained. The table also shows the values of 

(1/6 2 ) which were deduced in a manner to be described in 

section (iii) below. 

Q (I 1 I 1 )/Q (I 1 I 1
) has been plotted versus I(I+l) -S g Sg 

I 1(I'+l) in Fig. 7.3. The data points have been derived using 

both the present data and that of Bernthal et al (1971) . 

Although the error bars are rather large, the points do fit 

quite well to a straight line of slope 0.012. Thus 

h 0 

0 
0 ss 0.012 ± 0.005. = 

Eo-Eo Qo 
f3 g Sg 

(7.10) 
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0 0 The ratio o66;o
6

g can be found by comparing the intensity 

of the I' -+ I' -2 in traband transition to that of the I '-+I' 

interbandtransition. In the present work, the only intraband 

transition observed with certainty is that corresponding to 

I' = 10. A comparison of the intensities of the 362 and 814 

keV transitions in Table 7.3 leads to 

0 
0 ss 

0 
QSg 

= 8.6 ± 1.3 

and hence, using eqn. 7.10, to 

h = -l.t) ± 0.7 keV. 
0 

(7.11) 

(7.12) 

The mixing between the g.s. and beta bands causes a shift, 6E, 

th of the rotational energy of the I state from its unperturbed 

value E (I) = AI(I+l). This shift is given by 
0 

(7.13) 

This may be compared with the coefficient B of eqn. 7.2 which 

has been experimentally determined to be -11.1 eV. The interac-

tion between the S and g.s. bands is thus only about 20% of 

-
that required to give the observed compression of the members 

of the g.s.b. The remainder of the compression may conceivably 

arise from the interaction b~tween the ground state band and 
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Table 7.3 

Transitions from the B-band and relative E2 matrix elements 

QS (I'I) b) c) 
I' + I E I g l 

y y Q (I 1 I 1 ) &2 
(keV) Sg 

oS + 2g 1062 1.06 (15) (e,g) 

2s + 2g 1138 1.1(5) l. 00 0.17 

2s + og 1227 <1.4(4)d) <1.1 

0.79(7) 

213 + 4g 936 1.19(5) 

4s + 4g 1100 1.6 (5) l. 00 0.41 

4s + 2g 1302 1.3(5) 0.67(33) 

4s + 6g 794 0.57(12) 1.21(19) 

6s + 6g 1032 1.4 (2) l. 00 0.79 

6s + 4g 1339 1.8(4) 0.71(10) 

6s + ag 631 0.20(10)d) 1.30(32) 

aS + ag 935 0.40(20) l. 00 1.4 

aS + 6g 1336 1.1(2) 0.93(32) 

aS + lOg ( 452) 0.08(4) 3.24(1.1) 

lOS + lOg al4 0.30 (a) l. 00 2.7 

lOS + ag 1297 0.50(25) 0.65(19) 

lOS + l2g not obs. 

lOS + as 362 0.14 (2) 8.6(l.3)f) 

(continued next page) 
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Table 7.3 (continued) 

61=0 transitions corrected for Ml contributions, using 
1 estimated values of ~ • 
0 

determined by assuming X constant for all 

spins. 

(d) Complex peak. 

(e) 

(f) 

Values obtained from decay study (Bernthal et al 1971). 

Oss<r'r) 
Intraband to interband matrix element Q (r'r'). 

Sg 

(g) Determined from measured EO to E2 ratio: 

X(2+2) 
-::-::x-T("'"0-+"""2-r-) = 

B(EO 2+2) B(EO 0+0) 
B(E2 2+2) I B(E2 0+2) 

B(E2 0+2) 
= B(E2 2+2 ) , assuming B(EO 2+2) = B(EO 0+0) 

Os (0+2) 2 
= [Q g (2+2)] 

Sg 
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excited bands such as the K=O+ and K=2+ (y vibration ?) states 

at 1293 and 1341 keV respectively. 

From the preceding analyses, it is clear that the 

observed E2 branching ratios of transitions from the S to the 

g.s.b. cannot be explained by assuming a constant interband 

matrix element QSg (which corresponds to assuming Alaga's 

rules). For a proper explanation it is necessary to take into 

account the mixing (to first order) between the two bands, 

which leads to QSg having a simple spin dependence. The 

interaction matrix element may be given by 

Hsg ~ 1.6 I(I+l) keV. 

(iii) The relative EO and E2 interband transition rates 

The nature of K=O+ excited states may be indicated by 

the relative strengths of the monopole and quadrupole transi-

tions to the g.s.b. through the quantity X defined in eqn. 3.49. 

X is more easily obtained from eqn. 3.51, which relates it 

to the experimental data. Since the 6I=O E2 interband transi­

tions are not perturbed by band mixing (i.e. Q (I 1 I')=Q0 

Sg Sg 

in expression 7.8), only these transitions have been used for 

the determination of X. However,no o•~o E2 transitions can 

occur, so that in this case it was necessary to also employ 

the 0'~2 transitions. In this case there is a spin change 

and 
-h 

{1+6[ 0 
] 

Eo-Eo s g 

0 = 1.07 QSg 
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For this case, the value of X given by eqn. 3.51 must be 

increased by (1.07) 2 . 

Table 7.4 and Fig. 7.4 present the results obtained 

from the present data and compares it with Bernthal's results. 

In deriving the values of X in the table, 6I=O gamma-ray 

transitions have been assumed to be pure E2. The effect of 

Ml admixtures in these tran~:itions is to reduce X below the 

true values. Such Ml admixtures have been observed in 

similar transitions in 174Hf (Ejiri and Hagemann, 1971) and 178Hf 

(Nielsen et al, 1968). In 174Hf, the Ml admixtures were observed 

to increase with spin. 

In the rotational model, X is expected to be indepen­

dent of spin, and has been found to be so in 174Hf. The 

apparent decrease in X with increasing spin in Fig. 7.4 may 

thus be attributed to the effect of not correcting for the Ml 

component. If one assumes that X is in fact constant and that 

it has the value given by the o•~o transitions, Fig. 7.4 may 

be used to calculate thE relative intensity of the Ml component, 

i.e. 1
2 The derived values of~ are given in the last 

0 0 
column of Table 7.4. 

For a spheroidal charge undergoing quadrupole oscil-

lations about a permanent deformation, Rasmussen (1960) showed 

that X= 4S 2 • In the same article, using a microscopic model 

he showed that X= 9S 2 • Since for 174 ' 176 , 178Hf s2 ~ 0.3 

(Stelson and Grodzins 1965) X is expected to lie between 0.36 and 

0.81, a factor of at least two larger than the experimental 

value of 0.19 for the 1150 keV band in 176Hf. 
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Table 7.4 

Relative reduced EO and E2 rates for the S-band 

Tran§ition E I (EO) a) I (tot) ob) 
This Work Bernthal l c e xlo-11 I' -+Ig xl0- 3 y et al (keV) 82 

0 1 -+0 1150 4 ( 2) 0.41(1)e) 1.90 0.21(8)£) 0.19(4)£) 

2 1 -+2 1138 12 l.l (5) 1.88 0.08 (5) 0.19(4) 0.17 

4 1 -+4 1100 29(5) 1.6 ( 4) 1.82 0.10(4) 0.41 

6 1 -+6 1032 32(4) 1.4 ( 2) l. 70 0.10(2) 0.79 

8'-+8 935 19(5) 0.40(20) l. 55 0.14(8) 1.4 

10 1 -+10 814 8.8(2.0)0.30(10) l. 38 0.05(4) 2. 7 

a) 

b) 

c) 

d) 

e) 

f) 

1 In obtaining Ie(EO), it has been assumed that~= 0, i.e. 

the Ml component has been neglected. The erro~ caused by 

this assumption is negligible since the EO contribution in 

I (expt) is the predominant component. e 

From Church and WeneEer (1956). 

X= 2.53xl012 E 5oK-l [I (EO)/I (E2+Ml)]<I'200!I0> 2 
y e Y 

The use of I (E2+Ml) instead of I (E2) leads to an underesti-
Y y 

mation of X. 

~ determined by assHming X independent of spin and given by 
0 
X ( 0 I -+0) • 

0'0+-+20+ transition used (E = 1062 keV) 
y 

Corrected for band-mixing effects (see text). 
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X 

0.3 

0.2 

0.1 

0+-~~----~----~------~----~~--------- I 
2 4 6 B 10 

FIGURE 7. 4 

X= B(EO)/B(E2), determined from transitions between 
the K=O+' band at 1150 keV and the g.s.b. I is the 
spin of the initLal state. X is expected to be 
independent ~spin; the apparent gradual decrease 
is due to the presence of Ml components in the 
6I=O gamma transition (see text). 



Figu::-e 7.5 

K 0+ t t . 174,176,178Hf = s a es 1n 

References a) 

b) 

Ejiri and Hagemann (1971) 

This work 

c) Bernthal et al (1971) 

d) Nielsen et al (1967) 
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A comparison of the X and B(E2) values for a number of 

K 0 t t . 174Hf 176 f d 178 f . d . · = s a es ~n , H an H ~s presente ~n F~g. 7.5. 

It is seen that the values of X are almost identical for all 

the K=O+ bands, with the exception of the 1293 keV state in 

176Hf. X values have been traditionally used as a criterion 

for identifying beta bands. 

The B(E2) value for the 901 keV state in 174Hf is 

strongly enhanced (~ 2.9 spu) suggesting that this is a beta 

vibration. On the other hand, none of the 0+ states in 178Hf 

appear to have the enhanced B(E2) required of a beta vibration. 

It thus appears that tf.e value of X does not provide a good 

criterion for identifying beta bands. It would thus be en-

lightening to measure the B(E2) values for the states in 

176Hf. 
+ 7. 4 The K=O band at 1293 keV 

(i) Identification 

In radioactive decay studies, Bernthal et al (1969, 

1971) identified an IKTI = 00+ state at 1293 keV by means of 

the strong EO transition to the ground state of 
176

Hf. They 

also proposed that the 1379.2 keV state,which deexcites to the 

2+ member of the ground state by a 1291 keV transition with 

a strong EO component,was the 2+ member of this K=O band. 

These states are populated in the present work which supports 

their conclusions both from electron and y-y coincidence 

measurements. The resolution in the present electron measure-

ments was insufficient to separate the 1291K and 1293K-conver-
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sion lines. On the basis of the rotational spacing, the 

state at 1591.9 keV may be tentatively regarded as the 4+ 

member of this K=O band. The transition from this state to 

the 4+ member of the ground state band has an energy of 

1301.8 keV. Since the K-conversion line of this transition is 

only partially resolved from the strong 1293K line, and the 

gamma ray is itself an unresolved doublet, no meaningful 

statements can be made concerning the multipolarity of this 

transition. If it were a 4+4 interband transition, one would 

expect to find a significant EO component in the conversion 

line. None of the other high-lying rotational members have 

been identified. Their absence is somewhat of an enigma, 

particularly since the K=O band at 1150 keV is populated up 

to .the I=lO member. 

In an inconclusive attempt to isolate the intraband transi­

tions feeding the 1293 keV state, an e-y coincidence experiment 

was carried out to obtain the gamma ray spectrum associated 

with the EO transition from the 1293 keV state. In the resul­

ting spectrum, which was marred by rather poor statistics, 

only the 88, 202 and 307 keV members of the g.s.band were 

observed. This could imply that the rotational spacings 

in the 1293 keV band are identical (within ~ 1 keV) with 

those of the g.s.b. A more attractive interpretation lies 

in the realization that the gate set on the 1293 K-conversion 

line by the magnetic spectrometer was about 12 keV wide and 

therefore contained a number of other conversion lines 
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associated with transitions which feed the 2+, 4+ and 6+ 

states of the ground state band. 

(ii) Discussion 

As has already been pointed out in Fig. 7.5, the 

value of X for the 1293 keV state is a factor of ~ 50 times 

larger than X for the other 0+ band in 176Hf. Bernthal et 

al have pointed out that this state may be the 176Hf analogue 

of a 0+ non-collective state calculatedby Soloviev in 178Hf. 

This state is formed of a roughly 50-50 mixture of the 11 two-

quasi-proton 11 excitations in each of the 7/2+[404] and 9/2-[514] 

orbitals
1

and Bernthal's calculations suggest that it should 

have a large EO/E2 ratio for transitions to the ground state 

band, in contrast to the much smaller ratios expected for 

the other 0+ states. If this description is valid, the en-

hanced X ratio is probably due to a retardation of the E2 

rate below that expected for a collective beta vibration 

rather than to an enhanced EO rate. A lifetime measurement of 

the 1293 keV state would provide a critical test of this 

interpretation. 

Recently, in collaboration with R. O'Neil , the 

proton transfer reaction, 175Lu(a,t) 176Hf, has been studied 

to gain further insight into the 176Hf structure. These 

experiments show that the 1293 and 1379 keV states together 

receive ~ 27% of the total K=O+ population with ~ 61% going 

+ to the K=O ground state band and ~ 12% to the 1150 keV beta 
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band. This distribution in strengths is roughly compatible 

with the above interpretation. Since the ground state of 

175L . u ~s the 7/2+[404] orbital, the only way that one can 

populate a K=O band in the a,t reaction is by transferring 

a second 7/2+[404] proton. The fact that all three of these 

K=O bands are excited in this reaction means that each of 

them contains a component of a pair of 7/2+[404] protons. 

7.5 The 1341.0 keV (gamma) band 

The bandhead at 1341.0 and the state at 1445.7 keV 

were identified by Bernthal et al (1971) and assigned IKrr 

values of 22+ and 32+ respectively. The parity assignment 

for the upper level was very tentative. Both these states 

have been observed in the present work (see Fig. 7.1) and 

the measured conversion coefficient of the 1357.9 keV transi-

tion indicates that the 1445.7 keV state has positive parity. 

It thus seems probable that these two states form the first 

two members of a K=2+ band. Since no two quasi-particle 

K=2+ configurations are expected at this low energy, it is 

probable that this is the y-vibrational state. 

If the 1445.7 keV state is the 3+ member of they band the 

energy separation implies a rotational parameter of 17.4 keV, 

which is much larger than that of the g.s. band. Such a 

large rotational parameter implies considerable perturbation 

of the band, probably by the nearby K=O band at 1293 keV. 
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Such a perturbation would cause a relative displacement of 

the odd and even spin members of the band since the K=O 

band can perturb only the even spin members of the K=2 band. 

By taking such an odd-even shift into account, it has been 

possible to identify a sequence of levels at 1341.0, 1445.7, 

1540.2, 1727.7, 1861.9, 2096.7 (or 2106.8) and 2285.0 keV 

with an appropriate level spacing. No intraband transitions 

have been observed within this sequence but each level de­

excites to two members of the ground state band. The observed 

transitions correspond to 6I = 2 and 6I = 0 for the even 

spin members of the sequenc~ and to 6I =-1 and 6I = +1 for 

the odd members, if one assLgns spins 2,3,4,5,6,7,8 and 

positive parity to the sequence listed above. In addition, 

the conversion electron data for the 1499.8 and 1571.6 keV 

transitions from the 2096.7 and 1861.9 keV levels respectively 

indicate that they are Ml and/or E2 in character. This 

accords with their assignment as 7~6 and 6~4 transitions 

interms of the sequence above. 

7. 6 The K=2 oc.tupole band at 124 7. 5 keV 

(i) Identification of the band members 

Bernthal et al (1971) proposed that the state at 1247.5 

keV is the band head of the K=2 octupole band. Their evi­

dence for this assignment wa~; based on the presence of transi­

tions to the 0, 2 and 4 memb(•rs of the g. s. b. with 
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multipolarities of M2, El+M2, and M2+E3 respectively. They 

also identified a 3-state at 1313.2 keV and suggested that 

this was the 3- member of this band. Broda et al (1970) 

and Lobner et al (1971) have independently determined the 

half-life of the 1247.5 keV state to be 4.46±0.10 ns, a value 

which implies that the predominantly El transition to the 

2+ member of the ground state must be K forbidden. This 

plus the fact that no 1 state of appropriate energy has been 

observed provide strong evi,ience for this K=2- assignment. 

The 1247.5 keV state is strongly populated in the 

(a,2n) reaction and the present work confirms the El+M2 

character of the 2-~2+ transition of energy 1159.2 keV. The 

higher background characteristic of these experiments made it 

notpossible to detect the 2-~o+ and 2-~4+ transitions seen 

by Bernthal. However, the rotational members of the K=2 

band have been identified up to spin 9, as presented in Table 

7.5 which presents the energies, intensities and multipolari-

ties of the transitions deexciting these states, together 

with the proposed spin assignments. 

The energies of the initial states in Table 7.5 are 

approximately those expected from the rotational model, with 

a small even-odd shift characteristic of interband coupling. 
EI-EI-1 2 

The plot of 21 versus I ,which Ls presented in Fig. 7.6, 

shows this effect clearly since in the absence of such an 
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Table 7.5 

Transitions involving the K=2 octupole band 

Initial Final Transitions Proposed 
State State Energy Intensity Multipolarity Spin 

Assignment 

1247.5 0 0+ 1247.7 0.2 0 a) M2a) 2-
2 0+ 1159.3 10.6 ) El+M2a) 
4 0+ 957.4 0.24 a E3a) 

1313.2 2 0+ 1224.9 7.3 El 3-
4 0+ 1023.1 3.2 El 

1404.3 4 0+ 1114.2 2.2 El 4-
2 2- 156.8 2.7 E2a) 
3 2- 91.1 0.4 

1508.6 4 0+ 1218.4 5.0 b) 5-
6 0+ 911.8 1.8 El 
3 2- 196 0.25 

1652.9 6 0+ 1055.8 0.3 
E2c) 

6-
4 2- 248.6 4.2 
5 2- 144.5 0.19 

1785.0 6 0+ 1188.1 4.0 El 7-
8 0+ 787.ld) 1.0 (El) 
5 2- 276.4 0.14 

1992.5 6 2- 339.6 2.6 (8-) 

2137.3 8 0+ 1139.4 1.1 (9-) 
10 0+ 655.3d) 0.27 

7 2- 352.4 0.2 

a) Bernthal et al, 1971 

b) conversion line part of unresolved multiplet 

c) evidence not included in thesis 

d) assignment on energy fitalone 



Figure 7.6 

Illustration of the odd-even energy shift 

in the K=2- octupole band. If the level 

energy were given by the usual rotational 

formula EI=E
0 

+ AI(I+l)+BI2(I+l)2, then 

(EI - EI-l)/2I =A+ 2BI2, 

in which case one straight line should 

have been obtained. 
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effect all the points should have fallen on one rather than 

on two smooth curves. 

The deexcitation pattern for the states within this 

band is quite abnormal. The even members of the band de­

excite strongly ~1ithin the band with relatively weak 6I=O 

transitions to the g.s.b. whereas the'odd members of the band 

deexcite weakly within the band but proceed via relatively 

strong El transitions to the I±l members of the g.s.b. 

The identification of the 1992.5 and 2137.3 keV 

leve~ with this band is somewhat less secure than the others. 

In fact, an alternativ·= candidate for the 8- state is a 

level at 1964.0 keV which also decays to the 62- state 

via a 311.1 keV transition. The 1992 keV state has been chosen 

because it fits the rotational energy sequence better. 

In this and succeeding sections, it will become 

clear that this band has a mixed character. It is thus not 

strictly correct to call it a K=2- band. Nevertheless, be­

cause its dominant component is K=2-, it will be convenient to 

continue to label it in this fashion. 

(ii) Deduced properties of the 22 state at 1248 keV 

The lifetime and deexcitation pattern of the 22 

state may be used to deeuce the reduced transition proba­

bilities for transitions to the ground state band shown in 

Table 7.6. The transition to the ground state must be pure 



TABLE 7.6 

B (A) for transitions from the 1247 keV state 

Transition Ey I(a) A IA Compo- Partial (b) 
(MeV) 

y 
sition T (a A) 

(106 sec-1) 

22--+00+ l. 248 8.5 M2 8.5 100% 2.77 

22--+40+ 0.957 10.6 M2 0.16 1.3% 0.051 

E3 10.5 98.7% 3.42 

22--+20+ 1.159 458 El 343 76% 113 

M2 8.4 2 % 2.74 

E3 100 22% 32.6 

Intensities from Bernthal et al (1971) 
8 -1 Total decay rate l.SSxlO sec 

B{aA) (c) Retardation(d) 
Factor 

-
6.7x10 -2 1.1x10 3 

0.48x10 -2 2.2x10 5 

0.81x10 4 0.73 

4.55xl0- 8 6.5xl0 7 

9.7xl0 -2 2.9xl0 3 

2.0x10 4 o. 29 

a) 

b) 

c) 

d) 

B(aA) measured in units of e 2fm 2 for El; ~~fm2 
for M2 and e 2 fm6 for E3 

Retardation factors calculated from the following single particle rates 

TEl = l.Sxl0
14 

A
2

/
3 E~ 

TM2 = 1.2x10 8 A2/3 ES 
y 

2 A2 E7 TE 3 = l.lxlO y 

B (a/..) {c) 

<2A2-2I I 1 0>
2 

0.34 

0.34 

5.7xl0 4 

9.1xl0- 8 

0.34 

5.7xl0 4 

rv 
-..J 
0\ 
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M2, while those to the 4 0+ and 4 2+ states are expected 

to be M2+E3 and El+M2+E3 respectively. The strengths of the 

M2 components in these two transitions may be deduced 

(following Lohner et al, 1971) by means of Alaga's rules 

(eqn. 3.33) using the pure M2 character of the 2 2- ~ 0 0+ 

transition. Table 7.6 shows that these components are small, 

and hence that the 2 2- ~4 0+ transition is almost pure E3. 

The process may be repeated, using this E3 component to 

deduce the E3 component in the 2 2- ~ 2 0+ transition and 

hence, by subtraction, to arrive at the El component in the 

latter. Table 7.6 presents the partial decay rates, the re­

duced transition probabilities and retardation factors for 

each mode of decay from the 1248 keV state. The entry in 

the last column would be the square of the transition matrix 

element if the state were pure. 

It should be noted that the strong retardation of 

the K-forbidden El transition indicates that the 2 2-

state is almost pure K=2. Alaga's rules should therefore 

be valid for the K-allowed M2 and E3 transitions. The enhanced 

E3 strength is a strong ind1cator of the collective octupole 

character of this state. With the multipole composition of 

the 1159 keV transition given in Table 7.6, the K-conversion 

coefficient is predicted to be (2.2±0.3)xlo- 3 in good agree­

ment with the experimental values of (1.9±0.5)xl0-3 and 

(2.9±0.S)xlo- 3 obtained in this work and Bernthal's 

respectively. A similar example of El+M2+E3 mixing from a 
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2-state occurs in 182w (Krane et al, 1971). 

(iii) Reduced B(El) transition rates for the K=2- band 

The reduced transition rates from the rotational 

members of the octupole band may be deduced by comparing their 

intensities with those of the E2 intraband transitions. To 

do this, it is necessary to assume that the quadrupole 

moment remains constant throughout the band and has the 

same value as that of the 2 0+ member of the g.s.b. i.e., 

Q (2-) = Q (g) = 7.45 barns 
0 0 

(7.15) 

(Stelson and Grodzins, 1965). 

Using equations 3.31 and 3.41, the E2 rate may be 

expressed as 

T[E2,I2-+(I-2),2-] = 6.72xl013 E5 <I220ji-2,2> 2 • (7.16) y 

While, strictly speaking, this expression is correct only for 

a pure K=2 band, it can be shown that admixture of other K 

components with reasonable amplitudes has a negligible effect 

on the result. 

The conversion coefficients indicate that the transi-

tions from the K=2- to the g.s.b. are predominantly El. (The 

E3/El intensity ratio which is about 20% in the 2 2- + 2 0+ 

transition is estimated to drop to ~ 1% for the 4 4- + 4 0+ 

transition and to be completely negligible for all the other 

interband transitions.) 



By using equation (7.16), it can be shown that 

B(El,+I2-+I 1 0) = 
I (El I2-+I'O+)/E3 

I' (E2,I2-+I-2,2-)/E'S 
y y 
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(7.17) 

Table 7.7 presents the reduced El transition rates for the K=2 

band obtained by applying eqn. (7.17). The table also includes 

three columns of B(El) values derived from the calculations of 

section (v) below. The striking feature of this table is 

the fact that the reduced El strengths oscillate violently as 

one proceeds up the K=2- band,with the B(El) values for even 

spin initial states being two orders of magnitude smaller than 

for the odd spin initial states. 

(iv) Experimental intrinsic gK-factor for the K=2- band 

The quantity £(gK-gR)/Q
0

]
2 for a band can be evaluated 

by comparing the cross-over to cascade branching ratios, using 

eqns.3.44 to 3.46. Table 7.8 presents the results of these 

calculations applied to the 4- and 6- states for which suf-

ficient data are available. The data in the table are consistent 

with gK-gR being a constant. Its value ± 0.060 indicates 

that gK is very nearly the same as gR for the ground state. 

Since the latter has been determined to be 0.27 (Ben Zvi et 

al, 1968), one can say that gK = 0.27+0.06 or 0.27-0.06. (The 

sign of gK-gR cannot be given since the sign of o is unknown.) 
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Table 7.7 

Reduced El rates from the K=2- octupole band 
----~B~(E~l~)a~)--------------------

Transition 

22--+20+ 

32--+20+ 

-+40+ 

42--+40+ 

52--+40+ 

-+60+ 

62--+60+ 

72--+60+ 

-+80+ 

82--+80+ 

92--+80+ 

-+100 + 

Ey 

(keV) 

1159 

1225 

1023 

1114 

1218 

912 

1056 

1188 

787 

( 995) 

1139 

655 

1 Calculated 
Y Experimental 6K=O,ld) 6K=le) 

From Eq.7.15 

10.6 0.455b) 0.455 0.455 

7.3 >37 c) 46 0.72 

3.2 >28 
c'! 

38 0.54 

2.3 2.9 1.6 1.6 

5.0 "' 3.20 230 1.8 

1.8 "' 280 200 1.5 

0.34 6.5 2.6 2.6 

4.0 rv3100 510 2.6 

0.9 rv2600 440 2.3 

< 210 3.2 3.2 

1.1 rv2500 760 3.2 

<0.89 rv3000 650 2.9 

a) 

b) 

In units of 10-7 e 2 fm2 

From Table 7.6 

Bohr£) 
Mot tel­
son 

F (g) 
w 

6.5xl0 7 

<5 xl05 

<7 x10 5 

1.5xl0 7 

rvl. 3xl0 5 

rvl.6xl0 5 

6.6xl0 6 

0.455 

0.65 

0.49 

2.0 

1.7 

1. 45 

4.6 

3.3 

2.9 

'V 1.4xl0 4 

rv 1.6xl0 4 

11.4 

7.6 

6.8 

c) Since the E2 intensity of the 32--+22 transition is unknown, 
these B(El) 's were obtained by comparing their intensities 
with the E3 intensity expected for the 32--+00+ transition. 
An upper limit of 0.02 on our gamma ray scale was found in 
this way using Bernthal's data 

d) Calculated by mixing K=O and K=l components, using eqn. 7.20. 

e) Calculated by mixing only K=l component. 

f) From eqn. 3.35 with 6=0 

g) See note d of Table 7.6. 
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Table 7.8 

Intraband transitions in the K=2 octupole band 

Ii-+-If E I 1/6 2 2 (a) 
y y [ (gK-gR) /Qo] 

(keV) 

4-+-2 156.8 2.7 

0~12t 6.0±1.3 
4-+-3 91.1 (0.4) 

5-+3 (196) rv0.2 0 

6-+-4 248.6 4.2 

o

0 
14t 7.2±1.5 

6-+-5 144.5 0.19 

7-+-5 276 rv0.14 0 

8-+-6 339.6 1.3 0 

a) In units of 10-5 if Q is given in barns 
0 

[ jgK-gR I/Oo] 8.lxlQ - 3 Mean = 

Qo = 7.45 barns 

gK - g = R 
± 0.060 

Since gR = 0.27 (Ben Zvi et a1, 1968) 

gK = 0.33 or 0.21 depending on sign of 6. 
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(v) Interpretation of the properties of the K=2- octupole 
band 

In the preceding sections, four characteristics of the 

band built on the state at 1247.5 keV have been presented: 

These are in turn, the enhanced B(E3) strength of the transi-

tions to the ground state, the odd~even energy shifts in the 

rotational level spacings, the oscillatory nature of the El 

strengths from odd and even members of this band to the ground 

state band, and the fact that gK ~ 0.27. To account for these 

characteristics we shall call on Coriolis coupling between 

the different octupole bands. 

In a deformed nucleus, one may expect to find negative 

parity octupole bands with K=O, 1, 2 and 3. These may be 

arranged schematically as shown in the sketch. Although the 

level spacings in this sketch have no significance for the 

general argument, we have chosen to place the band heads to· 

4 5 

3 
------------

K=3 
4 3 

3 
5 l 

2 K=O 
4 

K=l 

3 

2 

K=2-
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correspond roughly to the theoretical predictions for 176Hf 
0 

made by Neergard and Vogel (1970) whose theory will be used 

below. Since the Coriolis interaction will mix states of the 

same spin differing in K by unity, the K=2- band members 

will contain admixtures of the K=l and K=3 bands in first 

order. While this Coriolis mixing will compress the K=2-

levels it cannot create the peculiar spacing observed. However, 

the K=O band, with its sequence of odd spin members will 

depress the odd spin members of the K=2 band through the inter-

mediary of the K=l band. By virtue of this indirect interaction, 

a small K=O-component is mixed into the wave function of the 

so-called K=2 band. This argument is independent of the 

order of the &=0- and K=l- states. 

0 

Neergard and Vogel (1970) have solved the quasiparticle 

random phase approximation equations to obtain all the octu-

pole phonon states below 2.5 MeV for all the even-even rare 

earth nuclei from mass 152 to 190. By considering the Coriolis 

coupling between pairs of these states, they have derived a 

method of obtaining the perturbed energies and B(E3) values 

for these states. In their presentation, the non-diagonal 

Coriolis matrix elements required are expressed as 

2 
<I(K+l)-IHcoriiK-> =- ~;} ll+lSKO I(I-K) (I+K+l) <(K+l)-jJ+IK-> 

(7.18) 

in terms of the <J+> matrix elements and the rotational para-
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meter of the g.s.b. For economy of space, their paper tabu­

lates only the lowest Kw = 0-, 1-, 2 and 3- unperturbed 

states together with the values of <J+> for the Coriolis matrix 

elements between them. The results of the analysis using all 

the octupole phonon states are then presented in a series of 

diagrams which give the positions of the perturbed K=O-, 1-, 2 

and 3 band members up to spin 5 for each of the nuclei con-

sidered. 

In 176Hf, the unperturbed K=O-, 1-, 2-, 3 band heads 

are predicted to fall at 1.67, 1.58, 1.20 and 1.84 MeV respec-

tively. Fig. 7.7 presents the experimental data for this 

nucleus as obtained in our measurements and compares them with 
0 

Neergard and Vogel's results. For purposes of comparison, 

the excitation energies presented in their paper have been 

normalized at the 22 s-~ate. The agreement between their pre-

dictions and our measurements is amazing. Since they have not 

tabulated their complete set of unperturbed states, it is not 

possible for us to extend their calculations to make predictions 

for the higher spin members of the band found in this work. 

Attempts were made to reproduce the observed structure 

of the band by coupling the four lowest RPA states using 

the matrix elements given in their paper. This calculation 

gave poor agreement not surprisingly, since not all the interac-

ting states have been included. For rather collective octupole 
0 

states, Bohr and Mottelson (q11oted by Neergard and Vogel) 



Figure 7.7 

Comparison of the experimental and calculated 

energies of the K=2- octupole band. In the 
a) 

4-band calculation ,only the lowest RPA state 

of each K was included in the Coriolis coupling 

calculation (see text). The calculations of 
0 b) 

Neergard and Vogel (1970) include all RPA states 

below 2.5 MeV1 their results for the lowest 

K=O-, 1- and 3 octupole states are also shown. 
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suggest that an appropriate value for <J+> can be obtained 

by using the expression for the spherical limit 

(7.19) 

While this expression was found to give quite reasonable 

results for 172Yb (O'Neil and Burke, 1972), it overestimates 

<J+> for 176Hf. I~stead, it was found that matrix elements 

which were 75% of the spherical limit value gave a good fit 

to the data. The excitation energies predicted in this way were 

arbitrarily increased by 60 keV to normalize to the 2 member 

of the band. The predictions up to spin 9 obtained in this 

manner are also included in Fig. 7.7. While the agreement is 
0 

not as good as that from the complete calculation of Neergard 

and Vogel, it is still reason<tble. 

The amplitudes of the K=O-, 1 , 2 and 3 components 

of the wave functions of the states in this band, obtained by 

the diagonalization process referred to in the last paragraph, 

are presented in Table 7.9. It should be noted that, although 

the amplitude associated with the K=2 component is dominant, 

the components associated with K=O and K=l are appreciable, 

especially for the odd spin members of the band. The fact 

that the model used to 9et these approximate wave functions 

was able to predict the state energies provides some confidence 

that these wave functions may yield reasonable estimates of 

the El transition strengths. 



Table 7.9 

Amplitudes of the components of the wave function 

describing the K=2- band(a) 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

a) 1/JI = 

CI 
0 

0 

0.08 

0 

0.18 

0 

0.27 

0 

0.33 

0 

3 
L: 

K.=O 
1. 

CI 
1 

CI 
2 

CI 
3 

0.15 0.99 0 

0.25 0.96 0.11 

0.28 0.95 0.16 

0.40 0.88 0.18 

0.36 0.91 0.22 

0.49 0.80 0.20 

0 40 0.88 0.26 

0.55 0.74 0.21 

0.43 0.85 0.29 
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The reduced El transition rates are given by 

B(El I2--+I'O) = [C~<IlCOji'O><gsjO(El) jK=O-> 

+ c~ <Ill-lji'O><gsjO(El) IK=l->] 2 (7.20) 

where the amplitudes are to be taken from Table 7.9. 

If only the K=l admixture is included, the first term 

of eqn. 7.20 disappears and one can use the measured B(El) value 

for the 22--+20+ transition from Table 7.6 to show that 

<g jO(El) jK=l-> = ±2.02xl0- 3 e fm. s (7.21) 

With this value, it is a simple matter to calculate B(El) rates 

for all the members of the band, as presented in Table 7.7. While 

this calculation leads to reasonable predictions for the even 

spin states, it fails to obtain the high B(El) values charac-

teristic of transitions from the odd spin states in the band. 

When the K=O admixture is included, estimates of both 

the matrix elements in 7.20 are required. The value of 

<gsiO(El}K=l-> can be taken £1om eqn. 7.21 above. From the 

experimental data of Table 7. ·; one can write 

Applying this ratio to a solution of Eqn. 7.20 one obtains 

<gsjO(El) jK=O-> = ( O.Olt 0.06) <gsjO(El) jK=l-> 

or = (-1Bt8)<gsj0(El)K=l-> 
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The first solution corresponds to the case where there 

is essentially no ~K=O contribution to the B(El) transition 

rate. This solution, as has already been shown in Table 

7.6, leads to the correct branching ratios for El transitions 

out of the odd spin members of the band but fails completely 

to reproduce the large experimental B(El) rates. 

The second solution leads to 

<gsjO(El) IK=O-> = i(36±16)xl0-3 e fm 

<gsjO(El) jK=l-> = ±(2.0±0.2}xl0- 3 e fm 

(7.22) 

and thence to the B(El) values of Table 7.7 in the column 

labelled ~K = 0,1. The inclusion of the K=O component has 

no effect on the B(El) rates for the even spin members but 

causes a dramatic increase in the predictions for the odd spin 

members of the band, in reasonable agreement with the experi-

mental results. 

In principle, it should be possible to calculate the 

reduced El transition rates, using the complete wave functions 
0 

of Neergard and Vogel without resorting to any empirical 

matrix elements. It should be of interest to perform such a 

calculation as a test both of their particular model and of 

the fundamental concepts they employ. They view nuclear exci-

tations in terms of quasi-particles moving almost independently 

in a deformed Nilsson potential and interacting only through 

the multipole-multipole (octupole-octupole, in this case) force. 
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In terms of the single particle description, this concept is 

equivalent to thinking of the motion of single particles moving 

in the deformed potential and interacting through a pairing 

force plus an octupole-octupole interaction. 

(vi) The B(E3) value for the 22 state 

The E3 transition matrix element for the 22-~20+ transi-

tion has been experimentally determined (see Table 7.6). Thus 

(7.23) 

Since the 22 state is essentially pure K=2 with a small K=l 

admixture (see Table 7.9), the experimental E3 transition matrix 
0 

element may be compared with the value predicted by Neergard and 

Vogel for the pure RPA K=2 octupole band. From their paper 

we find 

where we have used the fact that the <0302j32> = 1 . The 

agreement with the experimental value is excellent. 

The theoretical E3 transition matrix element for 

the Coriolis mixed 32-~oo+ state 
0 

was found by Neergard and 

Vogel to be 6.8x10 4 e 2fm6 , a value some 15% higher than that 

for the unperturbed band. The mixing of the K=O and 3 states 

has thus resulted in a small increase in the predicted B(E3) 

strength for the band. 
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(vii) The microscopic structure of the octupole states 

0 

The wave functions employed by Neergard and Vogel 

are not available to us at the present time. However, in the 

case of 172Yb, earlier calculations of Soloviev (1965) led 

to microscopic components of the RPA wave functions nearly 
0 

identical to those used by Neergard and Vogel (O'Neil, private 

communication). A similar situation is expected to hold for 

176Hf. The principal two quasi-particle components of the 

octupole states obtained from Soloviev's calculations as 

listed in Table 7.10, show that the K=2 band, before mixing 

by the Coriolis interaction, is formed by mixing 24% of the 

{5/2+[402] + 9/2-[514] } proton state with 76% of the 
p p 

{5/2-[512] + 9/2+[624] } neutron states. These two configura-
n n 

tions are both singlet states for which gK ~ g~ (see eqn. 3.64a 

and Table 3.4) so that gK ~ 0 for the 2 neutron component and 

~ 1 for the 2 proton component in the admixture. 

The value of gK has been experimentally determined 

to be 0.27±0.06 (see Table 7.8). It should perhaps be noted 

that in the experimental determination of gK, the effects of 

Coriolis mixing were assumed to be negligible. 

The experimental value of gK implies that the K=2 

state contains ~ 27% of the two quasi-particle proton con-

figuration, in excellent agreement with Soloviev's prediction. 
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Table 7.10 

Two quasiparticle components of the octupole states(a) 

K=O 

K=l-

K=2 

Component 

7/2+[633] 7/2-[514] 
n n 

7/2+[404] 9/2-[514] p p 

512+[402] 912-[514] 
p p 

5 I 2- r 512 l 9 I 2+ [ 6 2 4 1 n n 

K=3 (not available) 

a) Soloviev (1965). 

7.7 The K=3+ band at 1557.2 keV 

The coincidence data establish 

Admixture 

71% 

rvlOO% 

24% 

74% 

a sequence of levels 

at 1577.2, 1675.8, 1798.4, 1944.3, 2106.6 and (2285.Q) with a 

pattern of transitions to the ground state band and a rotatio-

nal level spacing which together suggest that they form a band 

with a spin sequence 3, 4, 5 ••• 8 (see Fig. 7.1). The 

internal conversion coefficient of the 1489 keV (3 + 20+) 

transition suggests that it is E2 (Bernthal et al, 1971) while 

the present internal conversion data for the 1385 keV (4 + 40+) 

transition is also consistent with E2 character. These data 

thus suggest that the band has positive parity. Much stronger 

evidence for positive parity is provided by data from the 

177
Hf(d,t) 176Hf experiment (Casten et al, 1971), in which the 

first three members of this sequence are strongly populated. 
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It is unlikely that any K=3 band would be strongly populated 

in this neutron stripping reaction and Casten et al suggest 

this is the K=3+ {7/2-[514) , 1/2-[521] } band. The assign-n n 

ment of the 2106.6 and 2285.0 keV levels as the 7 and 8 

members of this band must be regarded as being very tentative. 

They are both somewhat lower in energy than the value predic-

ted from the rotational formula and the 2285 keV state also 

fits quite well as the spin 8 member of the K=2+ band. 

The 264.0 keV 33++32- transition observed in this work has been 

similarly assigned by Bernthal et al (1971) but no explanation 

for this interband transition is forthcoming from the existing 

data. The dotted interband transitions have been placed solely 

on energy fit and must therefore be treated as tentative. 

* 7.8 The K=6+ band at 1333.1 keV 
------~~--~~--~----~-------

(i) Identification of the band members 

The 1333.1 keV state is an isomer with a measured half-

life of 9.5±0.3 ~sec (see Fig. 6.23). It decays to both the 

+ + 4 and 6 members of the g.s.b. through pure E2 transitions 

and must therefore have a spin of 5 or 6 and positive parity. 

The recent particle transfer work in this laboratory shows that 

a 6+ assignment is the most likely. 

These assignments are in complete agreement with 

those of Borgreen et al (1967) who based their conclusions 

on the low lying quasi-particle states available in 176Hf and 

*The subscript ~ indicates "lower" to distinguish this state from 
the upper K=6+ state to be discussed in section 7.8. 
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177 176 . by the recent Hf{d,t) Hf react1on work of Casten et al 

(1970). 

The rotational members of the band have been established 

up to 11+ by the y-y coincidence measurements involving both 

cascade and cross-over transitions reported in Chapter 6. In 

addition, the 173 and 194 keV cascade transitions are Ml+E2 

and the 367 and 408 keV cross-over transitions are pure E2 

in character, as one would expect in a well behaved band. 

The energies of the band members fit the rotational formula 

very well, as is shown in Table 7.2c. 

(ii) The decay properties of the 1333.1 keV state 

The partial decay rates of the 736 keV (66~ ~ 60+) 

and 1043 keV (66~ ~ 40+) gamma rays are 4.45xlo 4 sec-l and 

4 -1 2.8SxlO sec respectively. These correspondto retardation 

factors FW of 7.7xlo 5 and 6.8xl0 6 and degrees of forbiddenness 

fw of 30 and 51 respectively (see eqn. 3.38, 3.39 and the 

* footnote below). These factors are not unreasonable for 

K-forbidden transitions of order 4. 

(iii) The microscopic structure of the K=6; band from 
the particle transfer data 

In the proton transfer reactions only the 1333 keV 

band head is populated, while in the neutron transfer reaction 

both this and the 1506 keV levels are populated. In the 
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177Hf(d,t and 3He,a) 176Hf reactions, one starts with a neutron 

in the 7/2-[514t] orbital and excites the two neutron states 

produced by removing a neutron. In the 175Lu( 3He,d and a,t) 176Hf 

reactions, one starts with a proton in the 7/2+[404~] orbital 

d dd . h 2 . 176 f an a s a proton to exc1te t e proton states 1n H • 

The ratio of the (a,t) to the .( 3He,d) cross sections determined 

by the author in collaboration with O'Neil and Burke proved 

conclusively that the 1333 keV state is associated with an 

~=2 transfer and hence is consistent with its being the band 

+ head of the K=6 two proton configuration 

5/2+[402t] }. At the same time, a second 
p 

{7/2+[404~] , p 
+ K=6 band at 1761 keV, 
u 

whose properties will be discussed in section 7.8, was populated 

with an ~=2 transfer. 3 The ( He, d) reaction work carried ,out 

in this laboratory and the unpublished (d,t) work of Casten 

et al (1970) excite the same pair of K=6+ bands. This shows 

immediately that both bands have mixed proton and neutron 

character. The ratio cr 1333;rcr1333+cr 1761 ] in the proton transfer 

reactions yields the proton content of the 1333 keV band 

directly while the same ratio in the neutron transfer reactions 

leads to the neutron content. The results are summarized in 

the Table 7.11 below. 

The agreement between the three independent assessments 

of the composition of the K=6; band is excellent. In the 

(
3
He,a) experiment, the peaks due to the 1651 keV band were 

masked so badly that the data could not be used for this purpose. 
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Table 7.11 

Composition of the K=6+ band at 1333 keV 
5I, 

Reaction 

(a, t) 

( 3He,d) 

(d,t) (a) 

Mean 

proton configuration neutron configuration 

{7/2+[404+) ,S/2+[402t]} {7/2-[514+] ,S/2-[512t]} 

57% 

66% 

63% 

62% 

43% 

34% 

37% 

38% 

(a)Casten's data; the resolution in the He,a experiment was 
not sufficient to give a meaningful ratio. 

(iv) + The microscopic structure of the K=651, band from 
gamma ray branching ratios 

The composition of the band can also be deduced by 

comparing the Ml and E2 rates of the intraband transitions to 

obtain the quantity {jgK-gRj/Q
0

} and the mixing ratio 6 2 = 
I (E2) 

I (Ml) 

using equations 3.44, 3.45 and 3.46. The result of this analy-

sis is presented in Table 7.12, which includes data from 

both the 22.5 and 24.0 MeV alpha beam experiments. The table 

includes values of 1/6 2 and jgK-gRj/Q
0

• It is clear from an 

inspection of Table 7.12 that jgK-gRj/Q
0 

is constant, within 

errors, for the entire band with an average value of 0.042±0.003. 

If one makes the reasonable assumption that Q
0 

and gR are 

properties of the nucleus applicable to all bands, one can use 



Table 7.12 

gK-factor from transitions with the K=~+ band 

I 1 ]-g~=g~l a) 
Transition Energy y 82 Qo (keV) Eb}=22.5 E =24 E =22.5 E =24 E =22.5 E =24 

a a a a a a 

8 -+ 6 366.9 1.1±0.2 1.6±0.2} 4.2±1.2 3.8±1.0 4.7±0.7 4.5±0.6 
8 -+ 7 194.1 2.2±0.3 3.0±0.4 

9 -+ 7 408.3 1.20±0.25 2.3~~0.30t 3.8±1.0 3.1±0.9 4.4±0.6 3.9±0.6 
9 -+ 8 214.2 1.0±0.2 1.7±0.2 

10 -+ 8 447.7 0.96±0.15 1.3±0.2 } 2.9±1.7 4.2±1.0 3. 7±1.1 4.5±0.6 
10 -+ 9 233.5 0.40±0.15 0.72±0.10 

11 -+ 9 484.8 0.19±0.08 0.87±0.30} 6.1±3.6 2.4±1.0 5.3±1.8 3.6±0.8 
11 -+ 10 251.3 0.10±0.02 0.22±0.03 

Mean[Jg -g j/Q l = 0.042±0.003 K R o 

Qo = 7.45 barns (Stelson and Grodzins 1965) 

gR = 0.27 (Ben-Zvi et a1 1968) 

Hence, jgK-gRI = 0.31±0.04c) "' \0 

-0.04±0.05c} -....! and gK = 0.58±0.05 or 

(continued next page) 



a) 

b) 

c) 

Table 7.12 (continued) 

In units of 10-2 if Q in barns 
0 

Ea refers to the a-beam energy (in MeV) used in the respective runs 

The sign of (gK-gR) may be obtained from a measurement of &. 

N 
\,0 
co 
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+ the values obtained from the 20 member of the g.s.b. to 

deduce gK, as follows: 

Q(6+) = 
0 

Q( 2+) = 7.~5±0.11 (Stelson and Grodzins 1965) 
0 

(6+) 
gR = (2+) 

gR = 0.266±0.02 (Ben Zvi et al, 1968) 

gK = 0.58±0.04 or -(0.04±0.04) • (7.25) 

Since gK=l for the 2 quasi-proton state and gK=O for the 2-

quasi-neutron state (see table 3.4) and since the reaction 

data require that the states have a two-proton component, 

it is clear that the second value of gK is not acceptable. 

The value of gK is 58±4% of the value expected for a pure two 

quasi-particle proton state indicating that the 1333 keV 

band is 58% two proton and 42% two neutron, in excellent agree-

ment with the composition deduced from the neutron data. 

The value of gK deduced in this fashion should be 

quite reliable since we are dealing here with singlet spin 

states for which gK is quite insensitive to the value of g 8 

used (see eqn. 3.63). It may also be shown that gK is 

relatively insensitive to the deformation. 

It should perhaps be pointed out that this analysis 

depends on the gK factors of a mixed proton-neutron state being 

additive (see eqn. 3.69), and that this will only be strictly 

true if the non-diagonal magnetic moment matrix 

elements vanish. In the case under discussion, this approxi-

mation should be valid since the two "2 quasi-particle states'' 
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which constitute the mixture share no common particle and 

therefore cannot be connected by the single particle magnetic 

moment operator. 

The lack of dependence oflgK-gRI, and hence of gK, 

on spin indicates that the degree of mixing between the proton 

and neutron components is constant for the entire band. 

The wave function may thus be written as 

= 0.7716 pp> + 0.6316 nn> (7.26) 

where c1
2 = 0.60 and c2

2 = 0.40 and where 16 pp> and 16 nn> 

represent the wave functions for the K = 6+ proton and neutron 

configurations, respectively. The phase in eqn. 7.26 has 

arbitrarily been chosen to be positive. There must also be 

a second K=6 band, defined by IK=6u> where 

IK=6> = 0.6316 pp>- 0.7716 nn> • (7.27) 

As was indicated in the last section, this is the band located 

at 1761 keV and which is discussed in detail in the next section. 

7.9 + The K=6 band at 1761.5 keV 
u 

(i) Identification 

The coincidence data establish a series of levels of 

energies 1761.5, 1926.7, 2112.8 and 2318.4 which decay to 

the spin 6, 7, 8 and 9 members of the K=6~ band. The M1 charac­

ter of the transitions from the first two of these states estab 
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lishestheir parities as positive and restrictstheir spins to 

6, 7 or 8 and 7, 8 or 9 respectively. The energies of these 

levels fit the rotational formula for K=6 very well, as is 

shown in Table 7.2d, but the formula cannot distinguish with 

certainty between K=6 and a K=S or K=7 assignment. The band 

is peculiar in that all the deexcitation proceeds via inter-

band transitions while no intraband transitions are observed. 

As we shall see later, the anomalous behaviour is consistent 

with the microscopic description of this band given by 

equation (7.27). 

The members of the band are populated in both the 

neutron and proton transfer experiments referred to in section 

7.8 (iii) above. Although Casten et al (1970) identified 

this band with the K=l+ coupling of the {7/2-[514~] , 5/~-[512t] } 
n n 

configuration, it is clear from considering the gamma ray data 

presented above as well as the reaction data from this labora­

tory that the K=6+ coupling is more appropriate. We are thus 

dealing with the state defined by eqn. (7.27). 

(ii) Gamma ray branching from the 1761.5 keV band 

An estimate of the relative intensities of the inter 

and intraband transitions can be made if one accepts the 

microscopic description of the two K=6+ bands given in eqns. (7.26 

and 7.27), which can be expressed algebraically as: 

j6~>= c1 j6 pp> + c2 j6 nn> 

l6u>= c 2 J6 pp>- c1 J6 nn> 
(7.28) 



302 

The electromagnetic interband matrix elements are given by 

2 2 - c1 <6 ppf0j6 nn> + c2 <6 nnj0j6 pp> • (7.29) 

Since the electromagnetic operator is a single particle opera-

tor,it cannot connect two quasi-particle states unless they share 

a common particle. Hence,the last two terms in eqn. (7.29) 

(the non diagonal terms) vanish and 

Since, for the E2 operator, 

<6 ppjQj6 pp> ~ <6 nnlol6 nn> ~ Q , 
0 

the interband E2 rate vanishes identically. On the other 

hand, for Ml transitions (see eqn. 3.42) 

whence 

<6 ppjMj6 pp> = {gK -gR)K 
pp 

<6 nnjMj6 nn> = (gK -gR)K 
nn 

(7.31) 

(7.32) 

The values of gK 
pp 

lated in Table 3.4. 

and gK for these states have been tabu­
nn 

Using these values, we find 

(7.33) 

An analogous treatment of the in band Ml transitions leads 

to 
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<6 IMI6 > 2 0.78 = K(C2 -gR) = u u 
(7.34) 

<62IMI62> 2 2.0 = K(Cl -gR) = 

The corresponding matrix element for the E2 in band transitions 

is 

<6niOI6n> = <6 lol6 > = Q = 7.45 barns 
h h U U 0 

(7.35) 

These matrix elements were used, together with equations 

3.41, 3.42 and 3.31, to calculate actual transition rates expec-

ted for both the interband and intraband Ml and E2 transitions. 

The predicted rates are compared with the experimental data in 

Table 7.13. The last two columns compare the predicted transi-

tion rates with the experimental gamma ray intensities. Since 

no lifetimes are known, one can only make comparisons for 

transitions originating in a common level. It is clear that, 

the interband transitions are expected to be several orders of 

magnitude stronger than the intraband transitions, in good 

agreement with the experimental data. The relative intensi-

ties of the observed transitions from any one level agree 

within the rather large experimental errors with those predicted 

theoretically. 

(iii) The unperturbed ene~gies of the K=6+ states and 
the interaction matrix element 

The excitation energies of the two K=6+ bands and 

the amplitudes of the components in their mixed wave functions 



Table 7.13 

Transition rates for the K=6~ band 

Multipolarity <IA60II'6> 2 B(Ml) (b) B(E2) (c) 
(d) 

Transition Ey (a) Transition Prob. I 

IKi-I'Kj A (eH/2Mc) 2 (10 4e 2fm4 ) T(lo12 sec-1 ) 
y 

(keV) 

66u-+66.R. 428.4(o) Ml 0.857 1.73 - 2.39 1.1 

76u-+66u 165.2 E2 0.328 - 1. 82 0.0027 

+66u 165.2 Ml 0.124 0.018 - 0.0014 

+66.R. 593.6(o) Ml 0.124 0.25 - 0.92 0.15±0.10 

+769. 420.9(o\ M1 0.643 1.30 - 1.71 0.91±0.20 

+869. 226.7 Ml 0.233 0.47 - 0.097 

86u+66u 351.3 E2 0.038 - 0.212 0.014 

+76u 186.1 E2 0.353 - 1. 95 0.0053 
+76u 186.1 Ml 0.206 0.030 - 0.0034 

+769., 606.9(o) Ml 0.206 0.416 - 1.64 0.17±0.06 

+869., 412.9(o) Ml 0.500 1.01 - 1.25 0.23±0.04 

+969., 208.6 Ml 0.294 0.594 - 0.095 

96u+76u 391.7 E2 0.081 - 0.450 0.051 

+86u 205.6 E2 0.355 - 1.97 0.088 

+86u 205.6 Ml 0.263 0.038 - 0.0059 w 
+869., 618.5(o) Ml 0.263 0.531 2.21 0.20±0.04 

0 - ~ 

+969., ( 404. 2) (o) Ml 0.400 0.808 - 0.94 (0.16±0.08) 

+1069., 170.7 Ml 0.337 0.681 - 0.060 

(continued next page) 



Table 7.13 (continued) 

(a) Only transitions marked with an (o) have been observed; transition 

energies derived from level energies. 

(b) Ml transition matrix elements: <6tiMI6u> = 2.91 

<6 IMI6u> = 0.78 

(c) 

(d) 

Q (6u) = Q (2+) = 7.45 barns 
0 0 

Only the relative intensities of transitions deexciting the same 
level may be compared. 

w 
0 
l11 
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may readily be used to deduce both their unperturbed energies 

and the magnitude of the interaction matrix element. By using 

eqns. (3.76) and (3.77), and the notation of eqn. (7.28) one 

can show that 

(7.36) 

and that hence 

E0 
- E0 = 178 keV nn pp (7.37) 

l<nnjHintjpp>l = 195 keV 

The energies of the pure 2-neutron and 2-proton states would then 

fall at 1636 and 1458 keV respectively. 

7.10 The K=8~ band at 1559.4 keV 

(i) Identification of the Band 

The 1559.4 keV member of this band was observed by 

Borgreen et al (1965) who showed that it decayed to the K=6~ 

isomer by an M2 transition. The half life of the state has 

been measured to be 9.8±0.2 ~sec (Fig. 6.2la) and the transi­

tion of energy 53.5 keV between this state and the 7+ state of 

the 1333 keV band shown to be El (Table 6.7). The absence of 

an appreciable El component in the 1559+1333 keV transition 

uniquely establishes its spin and parity as 8 . 

The rotational members of the band up to spin 12 (see 

Fig. 7.2) have been established by y-y coincidence measurements 

and the level energies fit the rotational formula very well. The 
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quality of the fit to this formula is presented in Table 7.2e 

which shows that the 12- term can only be fitted if one includes 

a small [I(I+l)] 3 term in the formula. Finally, a comparison 

of the excitation functions of the series of cascade transitions 

indicate that they are associated with levels of increasing 

spin (see fig. 6.7). 

and 

(ii) The decay properties of the 1559.4 keV state 

- + The partial decay rates of the 226.2 keV (88£+66 ) 

53.5 keV (88~+16+) gamma rays are 0.8xlo 4 and 3.6xl0 4 

* 

-1 sec 

respectively • The corresponding retardation factors are 280 

and 2x10 7 for the K-allowed M2 and the once K-forbidden El 

transitions respecti ve.".y. 

(iii) Microscopic properties of the K=~- band from 
gamma ray branching. 

The value of gK for this band may be deduced in the 

+ manner described for the 6£ band in section 7.8(v). The 

relevant analysis is presented in Table 7.14. An inspection 

of this table shows that JgK-gRj/Q
0 

is essentially constant 

for all transitions within the band and that hence the value 

of gK is a characteristic of the band. 

The analysis yields 

* The transition rate for the 53.5 keV gamma ray was found from 
-1 

the expression [l+aT(53.5)] • [T172 • 8/(T172 • 8+T 226 . 3 )J • [0.693/t112 1 
where the transition intensities required were taken from Table 

6.7. 



Table 7.14 

gK-factor from transitions within the K=~- band at 1559 keV 

I 1 lgK-gRI 
a) 

y -2 
(b) cS Qo 

Transition Energy E =22.5 E =24 E =22.5 E =24 E =22.5 E =24 a a a a a a 

10 -+ 8 471.6 0.24±0.03 0.37±0.05} 
14.8±3.0 18.1±4.0 8.9±0.8 9.8±1.0 

10 -+ 9 246.0 1.9 ±0.2 3.55±0.50 

11 -+ 9 508.9 0.24±0.12 (d) } 
10.3±5.6 7.2±2.2 

11 -+ 10 262.8 0.62±0.09 1.24±0.20 

Mean [lgK-gRI/Q
0

)= 0.091±0.006 

lgK-gRI = 0.68±0.08 d) 

gK = 0.95±0.08 or 0.4l±0.08c) 

a)-c) See Table 7.12 

d) No y-y coincidence data available to resolve this transition from the annihilation 
line. 

w 
0 
(X) 
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gK = 0.95±0.08 or 0.41±0.08 (7.38) 

The predictions of the unified model indicate the 

existence of two K=8- configurations in 176Hf (see Figs. 3.1 

and 3.2). The first is the two quasi proton state, 

{7/2+[404+], 9/2-[514t[}, and the second is the two quasi 

neutron state, {7/2-[514+], 9/2+[624tl}. Both of these are 

singlet states for which gK ~ g£• The 1559.4 and 1785.1 keV 

members of this band are excited with full intensity in the 

proton transfer reactionf. (3He,d and a,t) and not observed 

in the neutron transfer experiments (d,t and 3He,a). This 

indicates very clearly that gK = 0.95±0.08 and that the state 

must be the two quasi proton state. When we come to discuss 

the 1860.3 keV band, evidence will be adduced to show that 

a small amount of mixing between these two states occurs. 

This admixture may be responsible for the compression of the 

1559 keV band with increasing spin which required the introduction 

of an[l{I+lD3 term in the rotational formula. 

7.11 The K=7- and/or 8-u band at 1860.3 keV 

(i) Identification of the band 

The five levels at 1860.3, 2014.4, 2194.2, 2399.0 

and 2638.1 shown in Fig. 7.2 all show a characteristic decay 

a-pattern marked by strong transiticns to the K=£ band at 

1559.4 keV and weak intra band transitions. The interband 

transitions are all based on y-y coincidence measurements, 

the intraband transitions on energy fit. The Ml character of 

the 300.8 keV transition to the 1559.4 keV state establishes 
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the parity of the band as negative and the spin of the 1860.3 

keV state as 7, 8 or 9. If the 1860 keV state is the band head, 

similar restrictions apply to the K quantum number. The K=9 

choice is extremely unlikely since there are no K=9 configu-

rations expected in this energy region (see Tables 3.1 and 3.2). 

The spacing of the levels fits the normal rotational 

formula quite well (see Table 7.2f) except for the spin 12 

member which requires the introduction of an [I(I+l) ] 3 term 

to give a good "fit" to the data. No members of this band have 

been seen previously. 

The levels at 1860, 2014 and 2194 keV are populated 

in the (3He,a) neutron transfer reaction but not in the proton 

transfer experiments. The band must therefore arise from a 

two quasi-neutron configuration, with one neutron in the 7/2-[514+] n 

orbital (the ground state of the 177Hf target). Table 3.1 

shows that there are only two configurations which satisfy these 

conditions, the {7/2-rS14+] , 7/2+[633+] } K=7- band and n n 

the {7/2-[514+]n,9/2+[624t]n} K=8 band, and hence this band 

must be K=7-, K=8 or some mixture of the two. It will be 

shown in section (ii) that the cross-section for production 

of the 1=7 member of the above K=7 configuration is very small. 

Thus the mere presence of a strong peak at 1860 keV in the 

neutron transfer spectrum proves that the spin of the ~tate 

is 8-. 
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(ii) The effect of Coriolis coupling on the 1860.3 keV 
band 

The small rota·tional parameter (A=7 .10 keV) suggests 

that there is a strong interaction between this band and 

higher lying bands. The conditions for Coriolis coupling have 

already been discussed in section 3.10. The strength of the 

interaction is given by the Coriolis matrix element (eqn. 3.87) 

divided by the separation of the interacting states. The 

ratio R = [<j->/E~-E~± 1 ], which is tabulated in Table 7.15 

for interactions betweE .1. a number of pairs of bands (taken from 

Tables 3.1 and 3.2) is " rough measure of the strength of the 

Coriolis interaction for each pair. For each band, the table 

also shows the energy of the band head and of the relevant 

low spin members of the band. In view of the very strong Corio-

lis interaction expected between the two neutron states dis-

cussed in 7.ll(i) above, it seems highly likely that the 1860.3 

keV band is a mixed K=7- and 8 band. 

The effect of Coriolis mixing the K=7 and K=8 bands 

on the differential cross-sections predicted for the (
3
He,a) 

reaction is presented in Fig. 7.8. The value of do/dn is 

shown as a function of the energy separation [E~ - E~] for 

separation energies from -1000 to +1000 keV for the I = 7, 8, 

[ I I] 9, :'-0 members of the lower perturbed band. When E 8 - E 7 

becomes +oo the calculations lead to the cross-sections for 

the unperturbed K=7- band shown at the right of the figure. 

In the same way, in the limit where [E~ - E~] reaches -oo, 

the calculations lead to cross-sections for the unperturbed 



312 

Table 7.15 

Strength of the Coriolis Interaction between high K states 

of 176Hf 

R(e) <j->a) 
Configuration 
Neutron States 

E b) E c) 
2q.p. band 

E{I)c,d) 

8 7/2-[514+) 9/2+[624t) 

14 5.61 

7 7/2-[514+] 7j2+[633t] 

4.0 6.08 

6. 7/2-[514+] 5/2+[642t] 

-1.8 -0.91 

7 5/2-[512t] 9/2+[624t] 

14 5.61 

6 5/2-[512t] 7/2+[633t] 

-1.8 

18.7 

5- 9/2+[624t] 1/2-[521+] 

5.61<-
4 7/2+[633t) 1/2-[521-4-) 

5 

6 

Proton States 

l/2+[4llt] 9/2-[514t] 

3/2 [65lt) 9/2-[514t] 

head 
(MeV) (MeV) (MeV) 

1.8 1.7 1.7(8) 

2.0 1.9 1.9(7) 2.1(8) 

3.3 3.2 3.4(7) 

1.7 2.0 2.0(7) 2.2(8) 

1.9 2.2 2.4 (7) 

2.0 1.9 1.9(5) 

2.2 2.1 2.2{5) 

2.1 2.0 

2.4 2.5 

a) <j-> = <n
1

Jj 1_Jn+l> indicates the strength of the Coriolis 

matrix element (see eqn. 3.87). 

(continued next page) 
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Table 7.15 (continued) 

unperturbed energies from Tables 3.1 and 3.2, as calculated 

from eqn • ( 3 • 2 4 ) • 

E(I) = E 2qp 

2 
+ ~ [I (I+l) -K2 ] ± S and 

by setting K=I. The first two terms 

the unperturbed energies for members 

Eband head is obtained 
in this equation give 

of the band. The last 

term introduces the effect of the splitting due to the spin­

spin interaction with the negative sign being used for the 

singlet and the +ve sign for the triplet state. S has been 

arbitrarily taken as 200 keV for this calculation. 

d) The number in brackets after each energy is the spin of the 

state. 

e) R = <j->/(E~ - E~tl). 
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K=8 band. The primed sequence of levels refer to the upper 

* perturbed levels , which asymptotically acquires the character 

of the K=7 band as [E1 - EI] approaches -oo. 
8 7 The cross-section 

for the unperturbed K=8 band is much smaller than that for the 

unperturbed K=7- band because v2 = 0.3 for the former as 

against v2 ~ 1 for the latter. 

3 The experimental cross-sections from the present ( He,a) 

experiments are shown at the extreme right of figure 7.8. The 

spin 8 member of the band is part of an unresolved doublet in 

the a spectrum and therefore cannot be used as a test of 

mixing. The experimental cross-sections for the I=9 and 10 

members are incompatible with a pure K=8 assignment but can be 

reconciled with any mixture which contains more than 20% of the 

K=7 band. 

If the band were pure K=7-, one would expect to find 

a strongly populated I=~· state in the (a,2n) reaction below 

the 1860.3 keV level. Although the 1732.5 keV state has approxi-

mately the predicted excitation (1723 keV) for this state, its 

decay properties make it quite unsuitable for a candidate. 

This state decays strongly to the I=6 and 7 members of the 

* For all allowed couplings the Coriolis interaction leads to 
constructive interference in the population of the lower per­
turb~d state and destructive interference in the population 
of the upper perturbed state. 



Figure 7.8 

Calculated cross-sections in the 177Hf( 3He,a) 176Hf 

reaction for the upper (primed) and lower (unprimed) 

states formed by Coriolis coupling the K=8- {7/2-[514], 

9/2+[624]} and K=7- {7/2-[514], 7/2+[633]} states. 

Plotted as a function of the energy separation, E~ - E~, 

between the corresponding spin members,of the unper-

tUrbed K=8 and K=7 bands. The cross sections are 

given by the expression 

aBcj~v 9/2 < 7/2 j 7/2 9/2 I If 8 > 12 

N = 49.0 

cj~ = cl3 6 ~ 1 
/2 

(only 1 term included in the sum) 

a 7 and a 8 are the amplitudes of the K=7 and K=B 

components respectively, obtained from a Coriolis mixing 

calculation using eq. 3.87. 

The other parameters are defined as usual (e.g. see 

O'Neil and Burke, 1972). 

* Doublet peak. 
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+ 
K=6~ band whereas the members of the 1860 keV band prefer to 

decay to the K=8~ band with no observable transitions to the 

+ 
K=6~ band. The absence of a suitable candidate provides strong 

grounds for rejecting predominant K=7 component, and we 

therefore propose that this band is predominantly K=8 with 

a significant K=7 component. 

(iii) Configuration mixing between the two K=8 bands 

It has been shown in section 7.10(iii) that the K=8 

band at 1559 keV is the two quasi proton state with the con-

figuration {7/2+[404+], 9/2-[514t)} and in section 7.ll(ii) 

that the band at 1860.3 keV is a two quasi neutron state with 

the predominantly K=8 configuration {7/2-[514+], 9/2+[624t]}. 

Since there is no particle common to these two configurations, 

transitions between them are expected to be retarded, in 

contradiction to the strong interband transitions observed. 

+ It is thus reasonable to propose, in analogy with the two K=6 

bands, that there is so:ne mixing between the K=8 two proton 

and two neutron states. 

+ In the K=6 case, the interaction matrix element was 

found to be independent of the spin, and this will be assumed 

+ to be true for the K=8 case also. However, because the ro-

tational parameters are signi~icantly different for the two 

K=B bands, the mixing may be expected to become larger as the 

energy separation between corresponding spin states decreases 

with increasing I. 
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In order to simplify the band mixing calculations 

to be described, the K=7 component in the two-neutron band 

has been assumed to be zero. This assumption should not affect 

the results substantially. Secondly, since the lower K=8 was 

found to be almost a pure two-quasiProton configuration, it 

has been assumed that the unperturbed band head energies and 

rotational parameters are very close to those obtained from 

the I=8 and I=9 members of each band. Finally, the interaction 

matrix element <nnjHintjpp> v.as adjusted to give the "best fit" 

to the observed level energies. The results are tabulated in 

Table 7.16. The upper part of the table tabulates the unper-

turbed band heads and rotational parameters, and the interaction 

matrix element used. The central portion compares the predicted and 

experimental energies of the states in each of the bands. It 

is seen that agreement is quite satisfactory. The wave functions 

of the members of the two bands are given by 

jiB~> 
I I 

= cljnn:· + c2jpp> 
(7.39) 

ji8-> I I = c2jnn> - cljpp> 
lJ 

where the coefficients are now functions of the spin. The 

I I values of c 1 and c 2 for the two bands are tabulated in the 

lower part of Table 7.16 

Using the wave functions of Table 7.16, the transition 

rates for the inter and intra band transitions may be calculated 

in the manner described in section 7.9(ii). The results are 
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Table 7.16 

Configuration mixing between the K=8~ and K=(8~) bands 

Eo = pp 1564 keV 

A = pp 12.5 keV 

<nnjH. tjpp> = 40 
~n 

Energy (keV) 

Spin 2-proton 
Unperturbed Perturbed Expt. 

8 1564 1559 J 559 

9 1788 1781 1785 

10 2037 202 7 2031 

11 2315 2291i 2294 

12 2612 2644 2638 

Amplitude a) 

Spin Lower band 
c1 c2 

8 .15 .99 

9 .17 .985 

10 .24 .97 

11 .43 .90 

12 -.79 .61b) 

Eo 
nn = 1853 keV 

A = nn 8.79 keV 

keV 

2-neutron 
Unperturbed Perturbed Expt. 

1853 1858 1860 

2011 2018 2014 

2187 2197 2194 

2380 2399 2399 

2591 2559 2564 

Upper band 
c1 c2 

.15 .99 

.17 .985 

.24 .97 

.43 .90 

.79 -.61b) 

(continued next page) 



Table 7.16 (continued) 

a) The wave functions are written as 

18£>= c 1 1nn> + c 2 jpp> 

l8u>= c2jnn> - cljpp> 

b) Note the change in sign of the phases; the unper­
turbed level order is reversed from that of lower 
spin members. 
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Table 7.17 

Transition rates from the band at 1860 keVa) 

b) 
Transition Energy Multi- <B~IMI8u> B(Ml) 

A. I c) 
y 

8 +8 
u ~ 

9 +8 
u u 

+8 
u 

+8~ 

+9~ 

300.8 

154.1 

154.1 

455.1 

229.2 

polarity u (efi/2Mc) 2 (xl0 7sec- 1 ) 

Ml 
E2d) 

Ml 

Ml 

Ml 

-1.19 

-1.95 

-1.30 

-1.34 

0.30 

0.090 

0.040 

0.305 

144 

l. 4t 
5.8 

66.2 

64.6 

1.1 

0.09±0.03 

0.42±0.06 

0.70±0.11 

10 +8 334.3 

179.8 

179.8 

408.7 

163.0 

E2 

E2 

Ml 

Ml 

Ml 

7.2 0.10±0.03 
u u 

+9 
u 

+9 
u 

+9~ 

+10~ 

-1.82 

.... 1.74 

-1.86 

0.135 

0.124 

0.481 

4.2t 
13.8 

149. 

36.7 

0.06±0.02 

0.50±0.08 

0.20±0.05 

11 +9 384.6 

204.8 

204.8 

368.3 

105.1 

E2 

E2 

Ml 

Ml 

Ml 

33.0 

8.8 

13.5 

397. 

u u 
+10 

u 
+10 

u 
+10~ 

+11~ 

-1.29 

-2.90 

-3.10 

0.089 

0.452 

1.11 22.7 

0.16±0.02 

12 +10 
u u 

443.9 

239.1 

239.1 

344.2 

E2 

E2 

Ml 

Ml 

Ml 

18.9 

104.5 

154. 

586. 

+11 
u 

+11 
u 

+11~ 

+12~ 74.6 

+3.17 

-3.58 

-3.86 

0.64 

0.82 

1. 46 10.7 

a) The band is assumed to be pure K=B for the purpose of this 
calculation. 

b) 

c) 

d) 

Ml transition matrix element calculated using eqns. (7.29) and 
(7.31); the amplitudes in the wave function were obtained from 
Table 7.16 

Since no life-times are known, only the relative intensities of 
transitions deexciting the same level may be compared with the 
predicted values. 

E2 rates calculated assuming Q (8 
0 

= 7.45 barns. 
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presented in Table 7.17. Since none of the lifetimes are 

known, it is only possible to compare experimental and pre-

dieted branching ratios from each level. While the agreement 

between the observed intensity ratios and the predicted transi­

tion rate ratios is only qualitative, it is rather gratifying 

considering the assumptions ':hat have been made in the 

calculations. 

7.12 The 1798 k~V band with K = 6 and/or 7 

The rotational spacing and decay pattern of the 

1798 1 1931, 2086 and 2262 keV level~ suggest that these are 

members of the same rotational band (see Table 7.2). The 

presence of El transitions from the two lower members to the 

+ + -66 1 and 76 1 states suggest that the band has a K value of 5 , 

6 or 7 • 

No mixing can occur between the 1798 and 1333 keV 

bands since they are of opposite parity. The occurrence of 

transitions between the bands indicates that their configura-

tiOnS Share at least One Of the 7/2- r 514] 1 5/2- [ 512] 1 n n 

7/2+[404] or 5/2+[402] p p quasi particle states which constitute 

+ the K=6 2 state. An inspection of the states with appropriate 

K value given in Table 7.15 shows that there is no suitable 

K=S candidate and that this configuration must be one or 

more of the following: 
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{7/2-[514] , 
n 5/2+[642:n} K=6 

{5/2-[512]n' 7/2+[633J } K=6 n 

{5/2- [512) ' 9/2+[624]n} K=7 n 

The first of these is predicted to lie at an excitation above 

3 MeV and is therefore a very unlik~ly candidate. The remai-

ning configurations are predicted to fall at 2.2 and 2.0 MeV 

respectively, and are expected to couple strongly through the 

Corliolis interaction between the two N=6 particles. In 

fact this band could well be a mixture of these two configura-

tions. This coupling would explain the small rotational 

parameter for the 1798 keV band. 

One might speculate that the 1732.5 keV state is the 

I=6 member of the band under discussion with an anomalously 

small spacing between it and the 1798 keV state which would 

then have I=7. Such an anomaly might be explained if the 

unperturbed 76 state were close to the unperturbed 77 state, 

since this will tend to reduce the 1=7 to 1=6 spacing more 

than any of the others. Against this interpretation is the 

fact that the 1798 keV state is more strongly populated than 

the 1732 keV state, in direct opposition to the trends in all 

other bands. At the moment, it does not appear possible to 

draw any further conclusions. 



CHAPTER 8 

SUMMARY. AND PROPOSALS FOR FURTHER STUDY 

8.1 Summary 

Although for the past seven years odd-A nuclei have 

been successfully studied with (a,xn) reactions, this work 

represents one of the earliest extensive studies of this type 

for an even-even deformed nucleus. In spite of the rather 

voluminous amount of data one might expect to handle, we now 

feel that such an undertaking is certainly feasible. In our 

study we have employed a variety of spectroscopic techniques 

in performing both in-beam and out-of-beam (pulsed) gamma ray 

and electron measurements. In the process, a number of novel 

techniques involving pulsed beams have been developed. We have 

also recently examined in some detail unpublished data from 

single neutron or proton transfer reactions. The results of 

these transfer reactions have complemented those obtained from 

the (a,2n) studies in a very heartening fashion. 

A total of ~ ~0 levels in 176 Hf have been established, 

mainly on the basis of extensive y-y coincidence data. It is 

gratifying that a number of the levt~ls established here have 

also been observed in the n.c>.::ent radioactive decay studies 

176 176. of Bernthal et al (1969,1971). The decay of Ta and Lu 

populates, with three exceptions, only states with spin < 3, 

whereas the (a,2n) reaction employed here populates states with 

323 
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spins as high as 12. Nevertheless, the spin and parity assign-

ments of Bernthal et al have proved very helpful in the in-

terpretation of our low K-states. 

An advantage of spectroscopic studies employing the 

(a,2n) reaction is that it allows the observation of ari ex-

tended rotational sequence. This provides information not only 

on the intrinsic structure of the band but also on its interac-

tions with other state3. In this study we have been able to 

characterize, to some ·~xtent, more than sixty of the observed 

levels in terms of the unified model. 

Perhaps the most interesting apsect of this study 

concerns the observation of five high K-bands which decay 

th h th t o o 176Hf roug e wo 1sorners 1n • The intrinsic nature of 

these bands is reasonably well understood; we have determined 

that there is a high degree of configuration mixing between 

the two quasi-proton and two quasi-neutron K=6+ bands, which 

accounts for the highly unusual behaviour displayed by one 

of these bands. 

The other highlight of the study concerns a K=2 

octupole band whose properties are remarkably predicted by a 
0 

simple model (Neergard and Vogel 1971) which includes the 

Coriolis coupling among the negative parity octupole states. 

Even the most unusual uneven distri l)ution of El strengths from 

the odd and even spin members can be accounted for on the 

basis of this model. 
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8.2 Proposals for further studl 

To begin, a number of the experiments described in 

this work might be profitably repeated with alpha beams of 

higher energy (27 - 30 MeV) in ordEr to accentuate transitions 

from the higher spin members. A reexamination of the high 

energy (> 700 keV) portion of the gamma spectrum is suggested 

by the availability of detectors with a resolution almost twice 

that of the particular large volume detectors used in this 

work. It might then be possible to unravel the many complex 

peaks occurring in this energy region. Although the results 

from these suggested measurements are not expected to alter the 

proposed level scheme, they should provide more accurate 

transition intensities. 

Unique spin and pari:y assignments have not been pos­

sible for many of the identified levels. The situation would 

be improved through more precise measurements of the conversion 

coefficients. We were severely limited, partly by the 

intrinsic resolution of the orange magnetic spectrometer. One 

way to overcome this would be to use high-resolution Si(Li) 

detectors for measuring the electron spectrum. In order to 

maintain a tractable backgro1md level (caused by, for instance, 

inelastically scattered projectiles and "delta rays"), it would 

be necessary to deflect only the desired electrons to the 

detr~ctor. A suitable arrangement would be to locate the 

detector at the focus of the orange spectrometer. From such a 
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system, one might expect a resolution of better than 2.5 keV 

at 1 MeV, compared to the present attainable value of ~ 7 keV. 

A complementary, or alternative, method for determi-

ning the transition multipolarities consists of measuring the 

angular distribution of the emitted gamma rays. An asset in 

such a measurement is provided by the superior resolution of 

the Ge(Li) detector compared to the basic magnetic electron 

spectrometer. In addition, the signs of the mixing parameters, 

o, and hence of transition m1trix elements could be obtained. 

The careful measurement of a1gular anisotropies is, however, 

made quite difficult by the ~xtreme complexity of the spectrum. 

Perhaps one drawback of this work is the fact that 

our sensitivity diminishes for detecting low spin states of 

high excitation energy. Transitions from such states (to the 

low spin members of the g.s.b.) necessarily have large energies 

and therefore are difficult to observe in the presence of the 

high continuum background. The use of ultra-high resolution 

detectors in y-y coincidence experiments might alleviate the 

problem of identifying such ~tates. Another approach would 

176 be to reeaxmine the decay of Ta using e-y and y-y angular 

correJation measurements to obtain spin assignments for more 

of thE· low spin states. It i; expected that many of these are 

the lc•wer rotational band members of states observed in the 

(a.,2n) study. 
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The measurement of the intrinsic gK-factor has led 

to quantitative information regarding the microscopic struc-

ture of a number of states. These gK's have been determined 

from cascade-crossover branching ratios. A direct measurement 

of the magnetic moment would provide an independent measurement 

of gK. Perturbed angular correlation (PAC) measurements may 

be performed on the K=2 band head at 1248 keV which has a 

half-life of 4.5 ns. The very strong 710-1159 keV cascade 

which follows the decay of 8-hr 176Ta is well-suited for such 

an experiment. Alternatively, the PAC measurements may be 

performed with a pulsed alpha beam bombarding a 174Yb target. 

The magnetic moment of the K=6+ and K=B- isomers may also be 

determined by either the IMPAC or the stroboscopic method 

of Christiansen et al (1968,1970). The relative long half-

life of 10 ~sec requires the use of a liquid Yb target or 

some suitable liquid matrix, which presents considerable 

experimental diffi~ulti~s. 

One of the interesting facets of this work is the ob-

servation of almost complete configuration mixing of the two 

+ proton and two neutron K=6 states. This mixing may be 

further examined by direct reactions in which both a neutron 

and a proton are transferred. Interference effects between 

the two states will be revealed in the cross-section and should 

yield the sign of the interaction matrix element. The 
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176Lu( 3He,t) 176Hf reaction roLght be employed in such an 

experiment. 

+ The observed configucation mixing of the K=6 states 

poses an interesting theoretical question since it finds no 

explanation in terms of the models in common use. It has 

been suggested by Volkov (priv. commn.) that the interaction 

might arise from terms present in pairing Hamiltonians which have 

been ignored in calculations performed so far. Such calcu-

lations must also be able to account for the behaviour of the 

K 8 f . . h . 11 . l?GHf. two = con 1gurat1ons: t ese are essent1a y pure 1n , 

d . 180 ( .. 1 971) h h. hl an also 1n Hf Korner et a • 1 , whereas t ey are 1g y 

mixed in the nucleus 178Hf (Gallagher and Nielsen 1962; Helmer 

and Reich). A systematic experimental study of the high-K 

states in these and other even-even Hf nuclei might shed some 

light on the problem, besides being an interesting project 

in its own right. 

Finally, the remarkable success with which we can 

- 176 explain the properties of the K=2 octupole band in Hf 
0 

(in terms of the fundamental model of Neergard and Vogel) 

prompts further research into the octupole states. 

+ -The B(E3,0 ~3 ) value for the K=2 band could be checked by 

means of inelastic scattering (d,d' or a,a') or Coulomb 

excitation measurements. The B(E3) and location of the K=3 

band, which is predicted to be collective, may also be deter­

+ mined simultaneously. (Valuable information on the K=O bands 
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at 1150 and 1293 keV will also be determined at the same time.) 

Octupole states in other nuclei in the deformed region 

172 182 . (e.g. Yb or W) may be also explored along the l1nes 

described in section 7.5. 
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