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| SUMITARY

In the present note we offer a qualitative explanation of -
the low lying collecétive states of mercury isotopes as well as

. 1 .
between them. In zddition

-

- the known transition probabilities
we yeaflirm the pradiction of new2 states of angular momentum
1% @ana 0% in the region betwoen‘l.O—l.E ¥eV and predict posi-
tive quadrupole moments for the first excited 27, 4% ana 6"
atas of +the order of magnitude of the'transition moments.
The guadrupole moments of the second and third 2% states are
of the sume order of magnitude and negative. ‘

The model used in the calculation is that of two holes

] N

. 2
coupled to a vibrator.

On leave of absence from the University of Zagreb and the
Rudjer Bodkovié Inatitute, Zagreb, Yugoslavia

HeE

Present address: New York University, University Heights,

New York.



INTRODUCTION S . l ;
"Tdv purpose of the preomqb LnVGSuigai on was to reconsi&er o

| . 2 . oe N
and supplement the calculations oI t:o proton holes distributed -

e vreges s o s

dn *he Siqﬂlefh01a states s a o oo, and a vcounled to
i : : “1L/2! 3/2’ M1/27 f/z Sl
a five dlnvn91onal vibrator including the SbuEOS of -the vibrator ™
up Lo two and Lh ee. ohonons. lUIoﬂDFWOTO hc ﬂnvnstl 7on was |
sgfmUWJLoﬂ by new axpe 1mcnt“l re sults on Ll *lnglo probon .
A . '(L
| hole stale: 3.1n ] 7 and new mbasuramunts of ’h ,°peccra of ‘
rcer is topes (CE. Pig. 2 5) o« . _ S
' The work was maﬁe possible by the help of the program f;
S > o ) ) ‘ . . . ) ’ o ' ) . B f .
‘Twrivten by @._Gnldsteln. _ O
CThe actv 21 calculat on wag divided into'four'steps.;First h 'g
e lPVdﬁLﬂ ated the, simplest cas se where we took only 51/2 nd o
63/2 gingle nole‘utmues_anm only‘eta*es up to. uwo ohonog, of - E
/ e v & _ : o
3 ' 2 . < ‘ ! ,. P b : £ E ‘ ' . i
the vibrator. In case 2 we studied the effect of the third }
phonon state on case l Case 3 consis t ?-in ﬁaking'additionalf  C
’Pingle ho 1; stuiﬁs h and u; and onl two hoqons. . .
> _*I—’ : 11/2 . (/? ‘ d y phos
(65/2 was omlbt aj. 1ally in-case 4 we tonk all»uﬂe “ﬁ
‘mehtioned 1gle partlclc con¢1 vrations and v1brator statcs ;]
_ _ e . e
up to three Dnonons. In tnat case we have so far suceeded i
A : : - T LT
to calcv¢atn only the onor0y levels apd the wave functions b
o A e _ i3
but, not. the gransxblon pLObuDillﬁ&@S. S ~{
: . .2 ' .
The model we used is !
. . 1
| 2 - |
He = [H +H +2¢ | a + = B, lal 120
- ' SH S Tp D2 T2 j 2Ia; 2 T2 2. !
, R T M=e2 L H==2 BRI
o2 o i
, . T H u* : e : i
-+ K a b4 8 A oo (1)
X ) e e ly @
, -“ iu==2 | ' ‘ ' : : - ~
. i

H

1“”Ufw 2 sh@ws the s¢m¢la rity between the low ly;ng spactr o

Lt~}
of mercury isotopes as reported by Sakai et al. Howeverx,

racently B.P. Iwmox gt 8l, have clagsified the 1029.33 keV



The term HSH is the standard shell model hamiltonian
degcribing the single hole states. Hp is the short range

pairing force acting between proton holes. 02 and Bg‘are

parameters of the vibrator and o - 1s a setw of collective

2
coorQ¢natas.4:The last term represents the coupling between

the motion of the holes and the vibrator. K measures its
coupling str guh at the svr¢ace. Y2 ( Qi¢i), is the spherical
hﬁrmonlos and is a,xunctlonrof the angles of “the "i'. hole .

nit ig the index of summation running over all hole states.

)

The energies of the singlefhole states used are”
‘ - . = 5 T\.“T‘; - = ' . ‘ T ‘
d3/2 51/3 = O..S)O MeV hll/2 51/2 1 34-3 eV |
d5/2—31/2 = 1.673 MeV. The energy ol the first»excited state
of the vibrator was taken as 1.027 MeV and the pairing

couollnn congtant G = 0.1 MeV.5 A ' :

RESULTS AND DISCUbSION

The re ults of our calculations are given in figures
and wbles. |
Figure 1 represents the energy levels of the coupled

system for cases 1, 2, 3 and 4. The value of the parameter

\| hw < K > ' s
"at =\l 5o 47}. = 0.6 MeV seems to give the spectrum
) 2 w ' .

whichl mostly resembles the experimental spectrum. Cf.

Fig. 2. lhm characte istic of the calculated sgpectra is.

level in HmZOO as 07, The two methods of measurements are
quite different. In the first case the conversion lines
following the beta decay and electron captvre of T1 O R ’
were measured, while in the second case the gamma ray enerbles
resulting from the neutron capture in hg19) were Lound.

This indicates that there ave still amgibuities in the assiwn-"

ment of the low lying states of mereury luOtODvua
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that they contain the ezxperimentally observed 21+, 22+, (C+),

2.4+ and 4l+ states and then we have a gap between those ayd;

3

higher exztited states as observed experimentally. The changes

the spectra going from case 1 to other cases as indicated

din Pig. 1, are not too drvamatic. In case the collective

s 4. and 03 are appreciably depressed as expected. In
case 3 we see the effect of the adﬁlulon al confiﬁurations
and reatlng new states of anbular momentum O, 1,

r‘/2

2, 3 etc. and slig ghtly depressing the low lylng 02+ and ll+

-st“*os. In case 4 we probably have to use a smaller.value of

"a' to get closer to the-experlmental sluuaulon,
Tables 1 and 4~coﬂtaﬁn the 'niormucwon on the electric
anq‘magnetic transition pTODdbll ties. The B(EZ)er 0.903
of the 2. =¥ 0. transition and 6 _ 0.76 == . of the 2.
IR | P dle 1
state for Hg has been used to give extra conditions to
etermine %he-parameters 02,<IK > and'_gR. Those parameters
are pregsented in Table 2 and have been used to calculate
the values of the B(E2) and B(M1) of all the states involved.
 Tableé 1 and 4 indicate consideravle changes in the

electromagneiic properties of some states in going from cese

1 @o cagses 2 and 3. These changes are less dramatic in

‘changing the effective charge and'the_effectiVe iromagnetic

ratios of_protons. They do not exceed the aotor of 3. To

understandfthe.chanmms of B(E2) in the *ran Ataons (2 —>0 ),'
—%bO ) etc. and - of B(Nl) in the tran31t10ns.

(2, =>0)), (2,
(22 *%>1l)7 (2 72 ) etc., let us make the following general
comment.

The transition probebilities of the coupled system are
built. up of thefcoherent contributions of the transition
probabilities of proton holes and the collective contribution

of the vibrator. We can distinguish the following situations:

e T



a) Contributions of'the hbles‘and the yibratorvare in

. phase . o |

D) Contributions of the holes and the‘vibrator are out
ofvphaSé;   | | S |

In each of these two cages we can uvlk about a large'or

gmull D&Ithlpatlon of the v1brator or the holes 1n bullo—

ing up the. tran31t10n probablllties. This might be due to _

the lack of coherence in the contribution of differe nt hole

,conflburqtlons or due to “the coptrlbutlop of only smallpr

 compononts Jin the nole wave functlon. The .game ar@ument holds

.’IOI the v1brator. As an 111vscr ion of a practlcally complete

coherence let us quote the (2 —>0 ) (4 72 ) electric

quadrupole and (1 >2 ) maﬁnetlc dlpolc uranultlons. For

1
the electric quaﬁrupolu transntlon (2l —>0. ) with the

@iiPColVe charge € = 0 the conbrmbutlon of the colleCulve

£ ?
und the hole part ?gftne iatrix element 1s on an average 4:1,
‘while for é;ff = 2e13 it becomes 2:1. For the (4 *§>2 )
ouadrupole tran81t10n we: agaln have 6 1 and 2:1 respeCulvely.v
This indicates ‘that in thesevstates the contributions of the
.holgs and the collective motion for 'eiff = 2ep are in phase

and comparable. For. the magnetic dipole transition (ll f£>2i)

the contribution of the colle?tive part to the matrix element
is nagligible. GﬂherqllyVSPeakina the participationvof the
collective motion in the magnetic properties of the coupled
system is as small as expected. . . '

_ Let us now turn to explain the fluctuatlon of the B(Ez) ,
in the (22’-€>Oi),_(2 —4>O ) and (2 }()) transitions. The
best way of doing that is Lrhaps to guote the values of

A" s and "B"’s for -the mentioned transitions (Cf. Appendix i).

e b e o gt




Transi- | A . B _
lon 1 2 3 1 2 o
bt e e e e s o e S £ e S B S S S e SR T T T - e 'f* - T —
(2, =>0,)| = 0.020 ~0.068 | -0.036 | -0.042 0.238 0.054
. ] N M . Sw
(23‘——>01) -0.115 0.075 0.053 0.323 | -0.206 | -0.294
(2, -f>ol)f 0.380 { 0.360 | 0.470 | 0.496 | 0.580 | 0.5000 . |
" In théffirst:two of. these transitions the contribution | é
of the.hole-part'"A”,and'the cohtribution of the vibrator part ;
"B" ‘are out of phase. Besides, in the (22 s Oi)‘ transition,

éx&ent when thrée”phonén statea are included,‘all the' j
contrﬂbuolons are small compare d to the contributions of the .. é»
-:(2 -€>O ) tran81t10n. Contrary to the cese (2 —> 0, ) |
'Where the colleétive part has been chan cd by 1ncludlnﬂ

.>O ) the hole part is the_

thrmé phonon sbatos, in case (23
one which has apnr001ably been chanpea. This is the Teason
';or the fluctuatlons of tnn,calculabed tra ns1tlon probabllltles.
In thu same way we can‘go on arguing from transition to '
transltlon and fromvstate Lo state. Insteqd we ml sht formulate'

a tentative conclusion like thig: We expect that only for those

transitions in which the large components of the wave Ffunction °

do overlap and the two parts do add up, the description of the -+

transition probabilities i1s expected to be fair. In all

-

ative. conclusions about ¥

[

other cases we prefer to draw only gualit
the slowness of those transitions. ‘
‘The same arguments, of course, hold for the magnetic

trangltlons. V o ' Y

3/2 3/2 2
2 2 3/2 }

The fact that { and the inclusion



- of uhe spin orblt partner bo Lhe d, /2 sta Les oxplaln
<

e T -

¢

uhe rolatlve 1nportance of i the Lhrae phonon states and the

“change in the mavnetlc propertlcs TQSpPCL7Vely._ ,A v [ L

Table 2 contains'th-s aWues of_the,parameterS'Cé,‘<'K‘>
and gR .for'cases l;~2-and 3. The paremeters change con-
tlnuously except ior the parameter . gR in case. 2. Be31des

*the- mnntionod parﬂmobmrs, TJble 2»&130 contdlns the predict od

~ o o s . 200 =
.B(M2) values: for the 2l —>0, trans tion in PbUV.
bomparlSOH with the ez perlment has so far een done. -

-

only on bne_x;.st four,ezc;ted_sﬁates..Electrqmﬂﬁnﬁtlc t nsieA

t:ons have been observsd between the states 2 f7z21,

: v _ ‘ 3
3 *—75‘01, 22*—-} 291 %L—% Ol"-4l >29, 2 —>0,. The main.

;charaoteristiCS of these transitiono ‘are that the transition

—€>2l is a mixed alactrlc qvadruDOTQ and nagnetic dlpole

transition Wth-uhG mixing ratio ¢ = 1 tnat_uhe'raulo of
‘the intensities W9(22 2 )/W (2 ) 5  and

;J (2 —;»21)/Wy(23vjﬁ>01) i also lgxger than unity. .

Let us make a btable of the relative intensities result-—

ing from the model calculations.

___________ e
! v Wy(a —>b) e pe = 2ep
e\ TESET o,
ree L Sexx = Pt Gl
-.._..l...-.....'-..-.-_._..'.._._—}.__a_-.-.—g_.._...__.;_é ______
(2. =2 2.)
2wt | 94,0 0.815 383
. o1 52,7 10.5 7.5 Vo

= We assume, of course,-that the interaction of the closed

shell protons with the neutron holes induces collective
vibrations of lead isotopes, Antisymmetrization of such
states and of the two provon hole state i1s noblCCu d.

B
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From this teble and Teble 4 for the values of ¢
we can conclude that our results are in~qualita%ive agree—
ment with experiments. The argument runs as iULlOWS.
The ma ic component in the 22'~§1ﬁ_transition is_sloWed
down at iaasteiOO timos.obmnar@d o the normal trensition
as indicated by the inte rnolatnd velue from Table lvbetWQEn
case 2 ahﬁ case 3. The intsrpolated value for -6 is close

to unity. Thv interpola ted value of the ratio

20'f4>2l : - _
= ?€>O ~ is around 20, in close ag ruoment w1th mne cxperlment.
YL ‘ ' : :
| 2y mr2 o
The ratiO' = >O is not much dl erent . from the
. 2, S ,
R

ratio glven by the exbariment. In uoultvon we prudlct a - -
small admlx UT@ of electric qua *upolﬂ tra n51t10ns, if any,
in the 2 —%?2 -and’2 -f>2 branu1m10ns. Also, the 1nten-

3.7 ° 3 2

gity of the 23 7ﬁ>2' trensition is rather small.

" The 41 -€§2l transitioniseems'to be fairly_strong.

Now'weAﬁurn,to the hitherto'not obuerved 02+ and ll+
gtates in Hg198¢ If these states are in the region as in-
dicated in Tig. 1 the smallness of *the energy difference
ihdicates that hny coula be onlJ nonula ed ;rom highex
excited states._If thase statos. pear to Dbe conSLderaoly
hlgher than 1ndlcated in the- flbure due to the negleCUed
monopola modes and’ exchange part of the 1nter30ulon butwemn
thﬁ proton nolasf their character w1ll alSO appre01ub 1y
_ chan e and one needs aadﬂtlonal con81aerat10n.-v
| There exist exten51ve ddu& on nlsner excwtod staues in
Hg198’and,otner ﬁLrCUTJ isotopes. The main charac»erlstlcs

_ N
d

L

~of mercury spectra are i

(@]
[6)]

imilarity between phe spectra

o)

Ly

of dlLference 1sotop -al n “pﬂvrent ng between tne flf“t

four exc cited states and high uen81 by states goove.g:

.This point has been investigated by A. Covello and G.
bartorle (private communication).

SR

e it

e s e Apmesn <

{;a
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e : 198
This might indicate that minor changes in the Hg para-—
meterS“wili possibly-account'for small differences in
mercury spectra.. |
" We have so farbeen discussing only-the even parity
states in mnroury isthPeOQ We are also ez pnCtlnw the
ne"atlve parity otates with hlgh angulaxr momentum of

the type (h coupled o the vibrator ground

11/2 1/2 5~ 6= |
state to ogcur appr0x1mately_between 1.5 - 2.0 HeV. Such
a state of anguiar momentum 5- has been observed in Hgl98
at 1.635 HeV. | | | o
| In Table 3 we list the sta tlc quadrupole moments for
gix exc1ted stated. The:flrst excited state 2l+ has a
.positiVe quadrupola'moment as well as the 41+ and 61+ states.
‘Thése quadrupole moments are of the .order of magnitude of'
the trwn51tlon noments. Such a larfo quadrunole momont

for thc first excited state nds exbﬂrlmentally becn 1ovnd

in 06114 (

The lar@e static guadrupole moment finds a. natural
explanation in our tredtment where  the particle v1bratlonal"
boupling relaxes the sﬁrict'donditions‘of”the vibrétioﬁal, |
Amodel‘by admixing to the one phonon states nO'DhOnon ’ .
two and three phondn states. These admixtures proauce |
dnnarmon1c1b1es and tog ethcr with the holes contrlbu te to
tne static quadrupole moments. The apprqximaté.équalluy of
+

the Quadrupole moments df the 2 + and 6l+ states might

mon Gt h |
indicate that'the stateg O+, 2+f,4l+ and’6l+ are the states
'of a distorted rotational band. (That is even more probable
yln llbhumr mercury. 1sotopﬁs ) The posvtlon of uhe 6+ level
is not exporjmentally known. Tor Hg 198 we exncct the lowest:
6+-state in the region of 2 MeV. The qudurupole moments

of the 2% 23+ and 4,+ states are negative and somewhat
smaller. The,22+ state has a éomewhat larger B(E2) for the
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transition to the 21+ state. lhat offers support to.

the interpretation of the 2.+ state as a two phonon , i

. 2 |
- vibrational state. Anyhow the appearance of the 23+ N "

state which has Dbeen observed and is apparently not a
thrae phonon,stéte,but rather a particle phonon mixture,
indicates thab the vibratbr gets much distorted,_and new
states star% to appéar at the energies of the two phonon
states. Suéh a gituvation is rather gimilar b0 that in
the region of strongly deformed nuclei.8 4 - o _‘ é

. Characteristics similar. to those in mercury spectra i
have experimentélly'been observed in the case of even CQ
'isotopes (and some others),.which is not t00 surprising
because Cd has two proton holes in the closed shell of |
50 protons. Preliminary results obtained with the same
14 9

seem encouraging. . : P

1

- method for Ca
: » Sy | |
As mentioned at. the beginning we used G = 0.1 eV

and B = 1,027 in the reported calculation. In addition,

we also looked at the results for G = O and G = 0.2 MeV

as well as Rw = 0.700 and 1.5 eV, The results are

'

not too sensitive to the variation of G but for 4 R

outside the region 850-1.200 MeV the calculated spectrum

gets more distorted and the agreement with experiment
much poorer. Hence we are tempted to conclude that the

parameter hw can approximately be taken from the correspond-

+ e e

ing lead isbtopes. In that case the neutrons coupled to o
the cloged protoﬁ shells geem to provide the basic vibrational
structu:e in lead isotopes and the proton holes coupled to
_these,vibrations‘create a new sitvation. | '

The new wave functions offer also a new posgibility
of deSinbing inelastic scattering relaxingvthe strict

conditions of the vibrational model. The investigation of

o

inelastic scattering will be presented elsewhere.
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CONCLUSION

- . ‘
Prom the qualitative agreement of our calculations
198 . : - N -

for Hg 9 with the experiment we are tempted to con-

clude that the method used in this treatment is more

suitable than the linearization methods for the treat-

ment of the nuclei close %o the clos & shellg. In thatl.

case there is practically no difference between'the‘
holos'and'the.qﬁasiparticlﬁ . mhD reasons for that
" might be 1n the low spin s1n lc hole conIﬁgurat1ons and_
v:the ra ther hléh value of hw . - . '
The short range p*oton neutron force (except -

in the creati ion of the v1brauor) is in the present
treatment nmﬁlocteu qnd the spectra are given by thé
'alignﬂd proton nnvtton force, contrary to the short
pr0uon neuuron force in the lineerization methodé."

_ Waich part of the nmuclear dyn ics one has to use
in the treatmonb of nuclol apart Irom the closed shells
- will be de01ﬁod by luture expprlmcntal and theoretical

lnve8u1°at10ns.
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APPENDIX 1
For the sake of definiteness we writé our definition
of the reduced matrix element B(E2).

| | =21
B(E 197 42 __10 -
'S(LZ) = 2,722 <-'Eyv) T 175 sec ) .(lq?

Ex? ié the energy of the y ray in MeV and - T
is the lifetime of the initial state in seconds. r, is

the constant factor in the deLlﬂlulon of the nuclear

radius R = ro 1/3 13 cm. A 1g the atomic nvmber.
lor A = 198 r ~‘l 2;~ = 3.16 x 10 ll ec"and' o
L, = 0.412 eV we obtain B(E2) = 0.903 as a dlmen31on~

less qpantlty. [ The conversion contir 1bvtlon 1s
'nebll gible - ( a, = 0.02). ] '
The intensities of the lines are calcvlated iron

' the standard formula

W @2) _ 7.60 ¢ 243 B(82) % 10

) 20 " .1
) 107 I - gec

It is easy to connect tho definltwon of B(E2) from (la)

0 its usuﬂl deflnwtlon , B(Tz) or

St
o R4 '
.B(Ez)st = B(Ez)ve? Ri = 0.217 92_10 48 cm4.h1n the.Same
way ‘for the magnetic transitionsIWe;havé

B 1 ‘YR. —. | 20

The operut01s for the elcctrlc quaorupole and mafnctlc

!
.dlpole tran51tlons are chosen in the form :

('1b)

) BOML) x 10°¥ A" (1c)
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3 . -
(PSSR

- M(E2) = -ezﬁ, Z ri 1{’;"(9i ¢i) f}-;rZe R? Va:“' T a)

PUNI SRS -

N i . * % » N . ‘
M(M1) =%ﬁ% 'LTE'F'{Z (gs sy +8 1 >i + &g By } (1e) 5

The, summation runs over all holes. The negative sign .
in the first term is chosen because we are dealing with
hole states. 2 is the charge of the nucleus. Ro_its

‘radius. sf, 1? and R{anre the spherical compdnents ' o
~of the spin, orbital and surface angular mdmentum ope—'

rators. & _, gl and gR are the corresponding giromagnetic

0]

- ratios. e

o

£f is the effective charge of proton holes.

The additional quantity we need is the ratio of the
intensities of the electric and magnetic transitions. From
(1b) and (lc) we obtain |

- B(ML) T ow(mMy) <l12 | z

52 _ 1:60 = : 2473 B(E2) ;_W(EZ)’
-~ 1.35 \197

It should be mentioned that in claculating the_transi-

tion probebilities we set all radial integrals equal to

% Ri « For Hg198 we have % Ri,: 29.4 X,10_25 sz; The . = 4

calculated radial integrals for a Woods-Saxon well for

lo)

the holes in the lead region'are

2 v
Q ALV
2 . > - o .
<G lEtlag e =294 < iy 13T 18y g > =385

ol | 2 | | . ) 4 N . - .
< 93/2;L?,l 85,5 > = 28.8. ALl theso values are in Yermis.

We see that our estimate ig extremoely good except for thd
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hli/zvstate.iThé‘pairingfforca certainly overestimates
the -influence of the configurations with high values of

+the angular momenta, so the approximation used is satis- -

‘fuctory. A . _
After doieranJno B(EZ) oxp for the 2y —>0 trénsition

we can use the TblablOn AdB(E2 )exp(gli + 1 )

= (4 e@ff + Bx) IIM(E2)H Ii> to obtain x°,

o

R ( Z ) 7, <K>= a vigy Z - ana B(E2) = (i-) x%e°R*,
‘ x 7 - ‘X e o

for the vibrator. A and B are;qpantiﬁies calculated
from the model (3f).

The spectroscopic quadrupole moment is defined as -

N .
g <I I | Q2 ‘I I> = (-—I. 0 I)\{! 5 - <IHDL(32)HI > (ltg) _

“ ( is the three-j coesfficient., For-calcula%ing the

quadrupole moments we have to use the same effective charoe -

- as for the tran81tlon prooabllltles.

The magnetic momenb ig given by

o

P =‘\lg1 (. I iif>‘;1|lm(m;$lli >n;   ,“  :“{u?  "(lh)-

3 \-rox

bow/ o 1941
3 \-I01

o
/ . ‘

) [(D7gp + E (gl;~IgR) + 5 {gs_+ gl} ]

Chosingwapp;opriate Values.for' g, and gsﬂ and

knowihb thé mégnetiC'moment of the first excited state:

we ‘ean aetarm*ne the value of and use it to calcula%@

8
R
tho magnetic trans1tlon probabllltles.

g e
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I; the ma&netlc moment is not known we can obtdln

.8x from the known B(hl) u81ng the formula

B(Ml) (?I + 14 )_.[D P+ E(gl—bR) + P(m - )]‘=

LJ”

= < -IfHM('Ml.) I I, >

D, »°, &, B’y Fand F’' are quantities ce lculatea from

fhe model (3g).

 APPENDIX 2

In uhls sectwon we would llko to degorlbe the calcula- -

"glve all the phase conventions. Let us first ;ntroducg‘a

L)

|

}

{

. . 4

tion of the reduced maurlx elemonus of the vibratoxr and ‘{
|

u : ‘

new set of varlablcs instead of a; and . 20y means ;

' |

of the transiormqtlon

o c ) },

B (e TR ) | §
¢ \\m(w W) e
g e oyt . . ~
@ =i\| % (bg Rl b2".> o)

e oA, T A7 kit

In addition the new variables should satisfy the following

relations : ' ' L I o |
I} + t f M pt ' + . :

1 Y Y F i L A vh o= U p# o o .
P2 Y2 2 P27 Cwri Py Py =t oand by b, o=m,
. :" , . . ,v. ) . . " . Q
(2e) |
| Hence we ses that bg* and A‘bg are the creation and i
, ‘ i

dgstruct;on opexrators or the phonong, e sp@otLvely. o, is

the nunber operator.
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‘given by -
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The symmetric states for one, two and three phonons

can be written as follows

2 P2

SN TP 1 : ' | ut o urt

—_ . s et 2 .
|12u >;— ?2 lo > ; '[-2R_Rz.>~ 7 Z < 2u 2u ,;tRz >b b |
' up' ' . .

| . 22R' N
I3RR >e] 22)R'2; RR > = NZJ[&R,R,»,a\a(zn'n)(zR +1){2RR, }]

| 1(22)r, ?e’RRz > (20
with
r » '_. . '. !’ . ) . kl
.l(22)_Ro 2; RR > = L < 2u 2ut R:) R > <RLRL 2;RR, > x
) , | o
Ilu-"v Roz .

s "J,f g
x B(1) v, (2) b, (3} loos
or equivalently

1

| 38R, > = |22r7 2; RR > = -
o L ’ s )
Al2[1 + 2(2r 41) {2 2R } ]

T lerw

N\ 1. RIRI RIR R U*')J'T v! lo
Z < 2u 2475 RIR) > < RZZv,Rz>'b2_b2 ?’2",>

7 /4
"f””'RZ'.

- €3> are the’ voctor coupllnﬂ OOeffJ.CLf‘nuS as deurvea in

; 1
TAS. § } is the six-j coefficient as given by Eomonds?’

o> s the phonon vacuur. Thn nox'mallz'x’ulon fuotor is

VN=-.‘| . 1 - _ (‘Ze):

RIS

|0>__

. e ot i i e i
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From (24) énd (2e) it is evident that we uée the re-—
' presentation wnere we do ahd~do not label the phonohs
vp“lmtly. | ]
The thoe pnonon wave function can corVenlent1J be

wr*uten as

| 2°R"; RR > = Z | 2235 2; KR > < 223; oR | 2°R'R »
T LT R
[+

where < 22R' éRl 23R'R > is the fractional parantage coef-

ficient wnlch is ekpl*bitlj iven by the he p of (24) and (Ze).
If there 1s no. degeﬁorQCy in R  as in our case, the wave
function shovld be inde Denﬂant of the ch01ce of R UfOVlQGd
it S&blelPS the trlangular relatvons. B .

To sot up the lnteraCulon matrly and o cqlculatn the
transition ?robubllltlew-accordlnb to (1 ) and (1d8), we have
To compute the matrix elements of dﬁ and aﬁf .NUSing the
wave functions (2d) and the maiantLOﬂ (Za) for the reduced

-'.
matrix elements b and b we obbaln

' ' R-R ‘ ,.
T wr T oy _ K . Z R 2R »
< 1\.RRZ | a‘zlll\ R RZ> = p—-—ZBw ’(-1 ) ("Rz ) R; )K

. .
[<1\Rllb2|llm > qt (-1). < NR’ Hb HER> 65004 ]
S with < NRHb';lIN’R% = (=~ )R'R_< R, IR > “and
IV, Hoo > = 2R T R =2, - (2&)

-

B
O
:_\)
S

o -
<2R||b'2||12> Y202+ 47 R

bbb e Tacm e st

(2£)

Freer—r
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R Her'> = V3TERTT) < 2REI2RR > =

- )+
- : % O 23%}

v

K and N° are the numbers - of phonons in the final and’

initial states TLSpeOuBV“ly. R’ and 'Rb are even.

AS ment¢oned oarl;er, Ro' is ChOSun arbitrarily and its

choice .gives the SLgn of thc reducud matrix elements;

,Hooner uh° physic 1 results.po not depend on. tha“ sign -

S0 we choose RO' "4 and. R = 0 +to get the phases used

in uhe TJtﬁrauurb.}

‘Let us list the reducea matrlx elements Bsed in'thé

"presenu caleulation:

Y{(R+1) < .zv\jk23°+1)(2n'+13 { 22% 15

< 30l|b 1122> =vs  <33Iphl22s = - 5T
. 32”b l|20> . | .<_3}3”b2”2,4-1_> = V23
< 32Hjo;|!22>_-‘= 22 < 3elivpiiezs = 3\F
o l2as =203 e < 3allo,ll2as =3 |22

< 32liv,li2es =203 =5 Hlfo, Had > =3 N7
<:v36|‘62|l24-5 = 3'13'

~ Tor the chomce of R ;é_O and R =2 the only
dlffer“nce is the chanbc in tne relative sign between uhe

matrix elements < 33||bf[122 s  and < 33l|b !'24 >

1
z‘..
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APPENDIX 3

: The ‘actual calculatlon was performed using the

pression for the interaction matrix (1 )

2

2

™ _‘ . »
< TR H, + K Z & 18 (6, 9, ) |

' i[.l;=-2"

- -g\l'(231+1-?(234 “) -({-1’)

— CRDI J’+R+I‘ o |
_.+ <K>\l 55 { } (f1) s (n151,n2j2)311§5312(1)ll(n§J1 n’J')J'> x

2 JR2

'.]H+l'

g

111

+7

yN'RTI > =

5 .
2

1[ 1I

3132

31 £MV

)

(3a)

+

i=1 ,
x [ < NR| Ilb*”NiRl‘ > 4 ; + <.NR[ [b ”N’R' s ]
‘ 2 NN' +1 2 > N'N1
where
, S 2. o
< (n 31 n,3 )JH ZJ Y (i)H(n'.-j' 230)3 >  (23+1)(23741)
- = (148 )(1*5 , )
3 3 +J' 41, +n} +1 +1! | L
x[(1)1 (Rt g 1<31”Y“31,o~“, 11,.[:51:512}
22 22l > 3 3,
J,+ 3 +n'+n'+1 +1, , 3. 2
+<1>‘2 EN Rl 56y, 6 {1_..2 },
T 20 i U e s 3,7
: J+J’ +14n +n! £1, +1! 3§ 2 -
+ (1) 2Pty 3211Y11:51 455 S { 21 } %
J"'j '*‘J'+n +n'+1 +1! ‘ :’ ' 31 2
(=) TUTEIERIRTR L gl > 6, 4 (22 ]
‘ Rk B b IR L AR

(31)

* -
v :
NN‘ <y

i

et e

T



S

< (1, 1/2)3,1 1,110 1/2)3)>

ceigen vectors a (11 1/2)31 nz(lz 1/2),52,JNR |
" can write the solut¢on of the coupled system in the form |

-21-

| it =1 | 1+1'
%'(-1)31,/ Tae=) T Y &

%

I 1/2 -1/2 0
All bne.aymbols havn alreudy bean deflned._

- Setting up and solv1n the matrix for.a given . I we

obtain nc encréy 01bonva1ueu _EID qna the comoonenus of the
1 .
so that we

7,4 > = 214' ah%(11 1/2)3, n2(12.1/?)32:JNR o .<3e?'
11d,m595%, [
»JNR’ L ey, V223, ny(1, /2)3 AR

The summation runs- over all base véctors of the
free system. . | . . _ S
With the help of (3d),»(ld) and (le) we can calculate the

reduccd matrix elements of tho electric quadrupoTc and mabnatlc

dlpola Lran51t10ns. The rnsult 18

< I HM(Ez)HI > = V(ex +1)(2I'+1) Z Z

n, 1.‘)1 3 1 j,'n'l'zj'z '
- o | ' JNR ' J'N'R’
an1(;1' 1/2)3 n,(1, 1/2);52,m '%4 (1) 1/2)3 n5(1, 1/2)3,, ' NR

S ' THT 4R ' J3 2
[ P 23 (_1) 'y &RR'[ } x

“Cere 5 | NN’ _ 'I:!. I' R?

x<n, (1 4/2)31 n,(1, 1/2)3, 7 || L () (2 1/2)3 m(ay 1/2)32 ¥

i=1

[ommases ;4 8 2y
R S ]
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RS 9% R e |
i lhw 3. 2
+ (-4) 8,6 ., , , ¢ §. ., ¢ — Ze RT x
, | nyny 1 1 ;)1:) nznz2 1 1’2 32.:5:2 Jg’ 202 Lar o

I, 2 o L
x{ ; }‘[ < 1R [0l [WR'> fy g g+ < NI fop HIWR > 6y g )

R R
(3£)
. | R
ry = S8
< I, | Imut)] 2> o \ - ZJ 2_‘ n, (1, 1/2);;1 n,(1, 1/2)3,, 7R
| myledygtydy M1, néléjé -
JR O JWRe

I

) ' : J+I +14R
- S

631 3 6‘323'2 &?‘1% 8, .~ d‘l 1z 6‘121, + {(21 +1)(211+1) [(<1) St Bare S 33

3 4 . 2J41 )(J¢ J - )
By LYy 3 T L1 Y y (e " LI o } (g,-gg) +
( )J+I;+14¥R' ' T T AN
-1) S, g
" mrURR {1 1 R’J )

i17s ‘
x<n (1 1/2)3; n,(1, 1/2)3, Jlls Hn' (1 1/2).1' n (1' 1/2)3' 7> (g,-8,)]]

with

< n, (1, 1(2’).-)1 ny(1, 1/2)3,71 15, [ Ing (11 1/2)3 mp(2y 1/2)3, & > =

x

()2 ) 1)"1*‘52 PR ;o

SEIPRIU y) 3%3, 9 1.1

2

A - o |
"y (15 1/2)8 ny(1y 1/2)3, 3 WR [¥ (1) (X+1)3, b1 Jm\x( Sare gz ¥

Ge)

RS 3
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r ’ , W ety .
<y /2311164 /2> 4 T [ 32} 53 S

x < (1, .1_/2);)1Hs1|. (1, 1/2)3;, > + .(,1) , { 75 s } ‘?313:2 1,2, x
* o |  Tedgrdlet - 3, 1 | |
*< (1, 1/2)5211’3111(13 1/2)3] > + ‘(-1) {‘J’ S 31} 6‘31:]% ;5‘1112 x

>‘<: < (1, 1/2);2| [s1|l(1'2'1/2);j;_, > ] | | ‘ (3n)

and

_ . (31)
The line intensities and the static moments can easily

be calculated from (1b), . (lg) and (1f).
The relative magnitude and phase between the electric

. . . . . 12
guadrupole and magnetic dipole +transitions are obtained from Z

& = \| 1260 (%7‘) 22/3 '<.v-<Ii“M(EZ)”I§’ S (53)
\ 2.35 | < I [ m(u)] 112 > S a

| S JEPPIFE
< (1 1/2)3lIs, 1 1/2)5 > ='(-1)3+1/2*1'+~1{(2;)+15(23'+15‘ \E{‘/? 1/2 1'}€n'
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. PIGURE CAPTIONS

Flg. 1. In Blg;‘l we. plot the lowest energy levels of the . I
couplea system. The spacing of the ‘single hole
1eVels Was tuken'from the experiment %0 be .
-1 v -1 --l I ‘
v = i = 1.343 MeV and
d3/2 1/2 0. 350 keV, hll/2 1/2 343 eV an |

~1 l'
= ¥ B A
,d)/z 1/2 1. 673 eV, For the V1orator ener g8y we

o«
&t ¢ g e it e S s A At | e g R o O O (ARG et b,

took Isw = l 027 MeV. The palrlng Counllnﬁ constant

' ar . o | :_ <K > qhw._“ '  o i

Cases 1, 2, 3 and 4 répreSent the following situa-—

"tLons..In case l we use two ohonons OL thelvibratoi
and l/° and 3/2 hole states. ane 2 uses the
same number of hole states.but includes the vibrator !
states up to three phonons. In case 3 only two-phononv“ o
vSUQtes were used but the additional hll/2 and d5/2

-

' states wers ﬂncludea. However- the state G5/2

,waS-omitted. Cass 4 contains all the hole states as

P

o & L i e ot St e T g s

in case 3, but also-the vibrator states up to

- three pnonons.

(Fig.‘ 1 IVUB—-7694)

b
0o
PR

Tg, 2. contains the expevimentally known lowest lying states

in mercury idotopes.

.

 (Fig. 2 MUB-7693)
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‘TABLE CAPTIONS

Table 1 contains data on electromagnetic transition probabili-

ties of low lying states. The reduced matrix elements ..

31 2
B(E2) and B(M1l) are given in units ezRg and ( %ﬁg )

respectively. The transition probabilities are

. lo 1
given in units of 10 Seo In order to calculate

the reduced matrix elements, we used the values of

R = 1.027 eV and the parameters 02 and 8p from
table 2., The reduced matrix elements are listed Zor
different values of the effective charge and the
effective giromagnetic ratlo of the proton. »

Those transitions which are forbidden by the general
caleotion rules following from the conservation of the
angular momenbum are left out. ALL o»her arumeters
are the same as in Fig. 1. The energies adopbed to
calculate’thé transition probabilities are those from

2

[y )

e
]_i.
(4}

Table 2. In Table 2 we list the values of the average coupling

Tdble 3

Table 4

constant < K> in HeV. The constant of the restoring

force C, in MeV, the corresponding values of the re— .

2 ,
. ' : . . 2 .
duced matrix element of the vibrator in e Rg and the

collective-giromagnetio factor g, respectively.

R
Besides the parameters used in Fig. 1 we employed
) 4.

80, 4 =198, B (132)(2 —-—>ol)exp‘= 0.900 e R ‘

and /u(2) = 0, 76 . Different sets Of'anUGS

rare given ior QlLiﬂr nt effectlve charges and different

glromﬂfnatlc ratios of the proton.

gives- the statls quadrupole moment of a few lowest

excited states. The parameters are again those from

Fig. 1L and Table 2. Two sets of values are given cor-=

responding to different values of the effective charge.

conteains tne catdculated ra itios of. the electric quadru-

pole and magnetic ﬂ*pﬁlu transitions.

e e ety e
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. :’ o
_ iy
; X f ( i T Lo
Tal;l.eulz i o
) Tran_‘-, B(E2), egpp = o5 - B(E‘?)Tegff = 2;p B(11), —gg = _—?—;8; i D(i';l-)—, &t ;ffif’qg_f \:ﬁ:e—), efff; 2e_1>“‘—~ g (1
sition 77y 2 - 3 1 2 300 1 2 sy 2 ; RN ““";""f";"f '."1—
23 ™>0; 0.300 ©0.300 0.300 0.30 0.200  0.300 - - - - - - _3-15 3.8 3.8
2, -->ol:_<_>'..’o_o:3' _o‘.oés © 0.004 0.001 ' o.oﬁs_r“ 0.001° - - - - - - '0}45% 4 o.usT

2, =0 o.2('_>é  9.061 0.168 0.086 ov.6'24‘ o._oéé - - - - - . 143.0 417 ‘150_6 L

2, 0, 707.25'0‘_7"' 0.101 0232 0._2;36“ 0.098  c.210 . - - - i - - -

25 —>0, 0.012 0.300 - 0.032  0.807 :."'o.;Lo3 .01 - - - - - - 0.c03 0122 ' o.o.a"(v”

0 ¥->21 _>0-_095 C.c02  0.014 0.5 0.017 0.011  1.580 1176 1.230  0.640 0.476  0.535 | -
'éz —>1; 0.430 'o;loé | 0.443 '0.564 0.104 6.460 0.182 0.007 6.211 €.042  0.003 o.oséi

2, —>1, 0.097 ‘7,,0“4‘6,4, 0.183 o':o'ate p.3io 0.267- 0.712  ©.875 1.700 0.281  ©6.307 0.700

4 =2 1.270 1.2 1.241 1.15'0"; 1.302 1210, - - - - - - - 3.2 33.5 310 -

2, —>4, 0.020 ,c'.oéé 0.006  C.0L4 ifobsg L 0.003 - - - - - - '

2, 4, ‘dcoa 0.057 .00 00052 o.o7$ o.{)é*/ - - - - - - 0.114  0.165 o.‘d:‘is_:" ' _ :
2, _.sél’jo.oés".o.siz | 0.128 0.683  6.291 €112 0.162 0.000 0.061 0.071 G.03  ©6.023  3.82° 12.5° 4.é. 33,2 lliéé a2
24 ——>2l‘ 0.284 0.650 0.184 ©.216  €.035 0.134 0.271 0.400 0.660 0.335 10.236 0;470' 65.5 10.9 42,0 720 430 860
23 —>2, 0.000 0.CC4 q.oét; 0.co0 _b_.ooa 0.001 C.07TL 0.025 o._o47 .04  0.000 0.036 C.€06 0.011  0.001 e.é_} Q'OO(;,"‘ 2.32
0, =2, 0.633_ 0.083 | 0.027 .04 ©0.082 0.C07 - = - - - - -~ 187 350 0.29

1, -—,:”-01 - I - - - C.000 0.000 0.001 0.000  0.000 .c-".'ooz . |

1, —0, - - < - - - 0.002  0.00C - 0.011 ©.0C7 0.003 . 0%008 "

) L 9 P ¢ . .
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o , ! ‘ K ' i s s . ¢

| . . ' - T N A R 3
o P ] - . . . P —— . . P _ P _ i

<E>| G, |B@)PP0 | x>l C

- o e
, |BE2REO | R R

47.5| 262 | 0.695 |€2.0 (425 | ©0.427 | -0.27 | = -0.20
6.0 | 346 | 0,530 | 70.5 |545 | 0.334 0.00 |  0.0%

51.5| 295| 0.620 | 72.2 |575 | o0.316 . | -0.43 |  -0.34

© e e ————— g s

Table 2

‘62_
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‘Static quadrupole moments in:ePRg

P_ P_
Sefr = °p Cere = 2°p

T 2 3 | 1 2 3

- =1.01

' 1007

~0.651

1065 ’

~0.922

-0.121

1.57

1.05

1.68

=0.984

“°0642‘
1.39

-0.721

1.75

| .-0-8.44

-0.936‘ ;6.234
et b

-1.03  =0.645

L8

1.66 | o

2 0.99 1.l | ? 1,29 1.46
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- _~» ‘  ' « o '1 Table 4

Jr 'eéff%‘ ®o ggff = 0.78p |

Trensition , .
. -\ . l . 2 | 5

\ | . ]

2y | <0310 2.5 -0.612
?5 —>.23'_  . 0.305‘1- 10.158 0'20'3,-,"7'

25 -2, o.‘qoa - =l.25 | -0.018

e e e




-32- .

3+,4+
1+,2+
'4:,34»
4 ——
| 4’ "

2 0+2* ‘
4+ )
3+
2+
3+
4+

o+ "
2+ 9%
i+ M '
2+ 2t
3
3t (I)+,4o
o+
I +.
/t [ 2"
as I+
—— 2+
3+ 4+
%) 3+ 3424 3t
= 2+ 3
~— ____.__|:‘4+
o p— A i
—— 3¢ —
— 5
- ;1 — s _— 6+
g\ 34,1+
o pl o
2o . 2+ St
Ll I+ 2t
+ L
o+ _— 2 >
4+ 2+
4+
2+
o+
1+ o+
|+
2+
2+
_/ B 4+
2+
o+ 2
.
o+
2+
o+
-2
O+
Calculated energy levels of IgaHg for cases 1,2,3,4
? ? ?
(a=0.6)
MUB-7694 -
]

Fig, 1



-33-

1385 24 1422 2+
1255 24
1064 4+ 1090 2+ 24
1039 2+ 1047 4+ 1929 4+ 965 (2+)
440 o4
426 2+ 412 2+ 5eq -
0 o+ O o+ 0 o+ O 0+
196 198 200 202
8019 is 801918 80920 80922
MUB-7693

Fig, 2



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

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

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