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Isotensor giant resonances

A “model” giant resonance (state) built on a state |n) is :

* 00 = 0, n) | nlotd, lniEt
® Qg 1s a one-body operator, Q, = Zi g, (1)

For |0), the g.s. we have the “usual” giant resonances.

* When |n) is itself a giant resonance state, then the giant state built on it will
be a double giant state.




Double Giant Resonances

The operator @, might depend on spin and isospin. For example the electric dipole is an
isovector and the corresponding operator is:

Qu =D = 313, (87, (0), with jt = 0, +1
In addition to the “common” u = 0 dipole one has also the charge-exchange analogs p = 1
The action of the operator with g = —1 (or p = 1) twice will lead to states with AT, = +2

These states can be reached in double charge-exchange (DCX) processes.

One of the best examples, are the pion DCX reactions [, ™), (m~, )], studied extensively
in the past.

Because we deal with isotensor transitions, the selectivity of the DCX is large and enhances the
possibilities to observe double giant resonances (states).
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Examples of simple isotensor states

Double isobaric analog state (DIAS).

The IAS is defined as: | 4,) = T_|0)/(N — Z)/?

The DIAS is: | 4,) = T2|0)/[(N — Z)(N — Z — 1)]*/?

Dipole built on an analog: |D_;4,) = X,;1:Y1(6;) t_1())|A.}/N
Yet another example, the double dipole (for the AT, = —2)
1D_4;D_1)=xini 1 (0)t_1()|D_1)/N
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Pion DCX experiments
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Spin degrees of freedom

al spins of isotensor transitions.

wave function Is symmetric in
7
N or AT — i 0" 2t ..

e DGT J = 0%, 2+

2




Some properties

In some theories n is replaced by vn

.

excitation AT, = —2

k (in our case T > 2) are dominated by the
2(T—k)+1
2T+1

sospin T' =T + pu.For u = —k, (CG)* =




The DCX process.

 The DCX process has held out the hope that it would be a means of probing two-body
correlations in nuclei. In the initial studies it was found that that uncorrelated nuclear wave
functions produced qualitative agreement with experiment at higher energies (pion energies
around 300 MeV.) This was the situation when the double giant resonances were studied.
However at low pion energies (around 50 MeV) the disagreement with experiment was very
large, (sometimes a factor of 50) when uncorrelated wave functions were used. It was
necessary to include wave functions with correlated nucleons.

 The DCX process, as determined in pion charge-exchange reactions involves two basic routes.

» 1. For uncorrelated n paricles in the transition to a double analog state the route from the
Initial state to the final state goes via the excitation of the single analog in the intermediate
stage , and from there in a charge-exchange to the double analog. This is termed as the
analog route or more generally as the “sequential” process. The cross section is proportional
to the number of pairs one can form from the n nucleons, n(n—1)/2 .

» 2.The second process involves correlated nucleons and the process proceedes through
intermediate states that are not the analog. This we term the “non-analog route”.



Analog vs non-analog routes

analog route non — analog route
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Correlations and non-analog transitions
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The DCX process

In order to obtain the desired relation, we consider the

reaction to be caused by a two-body operator between ° The Operator depends aISO on

two identical (in the same 1SOSpIn niultiplet.'l 0% states.

Thus we need to calculate the matrix element for the the SpinS Of the tWO partiCIeS

Lransition:

M=% 6;rrkk) 07 (1)




The DCX for the even Ca isotopes (the AGP formula)
(Single- J, n-even). (NA, W.R. Gibbs, E. Piasetzky, PRL, 59, 1076 (1987)

Cm—— o= —ama

Mucleus

-II':-“
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TnCx f{-].} =

(n—1)(2j—1)"|"

5

=

nin—1) ‘,.--i‘+ (2j+3—2n)

A=a+[2/(2j+ 1)1, B=[(2j—1)/(2j+1)]5,
opcxl@)=+nln—1)|a+p/n—1)]2%

We see that the counting rule given by the n(n —1)/2 independent pairs is completely
destroyed, indicating that the correlations play a very important role in the DCX process
at these low pion energies. Fitting the data, one finds that the ratio |B|/|4| ~ 3. For
higher energies*’ E, > 150 MeV this ratio is found to be =~ 1.




The DCX process (cont’d)

* In general, the DCX cross section will contain the sequential term
and the correlation term. Both amplitudes could be complex.

 The above formula is extended to the generalized seniority scheme
when several orbits are involved. Then:

(Q+1-n) - . .
B ith 0 = 5,0 +/2)

e This formalism was applied to the Te 128 and 130 nucleli, relevant to
’Ehe d());JbIe beta-decay, (H.C. Wu, et.al., Phys. Rev. C54, 1208
1996)).

 See also N. Auerbach, et. al., Phys. Rev. C38, 1277(1988),
« J. Barea and F. lachello, Phys. Rev. C79, 044301 (2009).

n(n—1)
® Opcx = > IA +




5. For example in Ca48 the DIAS contains only

 giant DGT resonance.]




“Pairing” property and short range operators.

In terms of the matrix elements of a two-body DCX tran-
sition operator O, one can write [4]

TET (2j0+ 04},

where the following definitions were used:
Oy={j =010 ,|j2r=a} ,
 Ejevenl 2 HVH GO A

4

Ome sees from these expressions that the relative size of
A and B depends on the range of fﬁ!z- Consider a real
DCX transition operator which possesses the “pairing”
property [4], i.e., an operator that for even n satisfies

{ _F"J=ﬂ|ﬁlzl,.l"‘-.f =0)= %ﬂ.} : (&
where n /2 15 the number of neutron pairs. Operators
such as &lr,—r;) and oo, fall into this category. For
such an operator, 0 =0, A2j), =0, f=0,, and

Bid=j—1% .




Double f —decay

> (4,7) > (A, Z+2)+2e +2V

> (4,7) > (A Z+2)+2e”



2-beta decay amplitudes

The inverse hall-lives of the 2037 decay and the 0w 303 decay (due to the

massive nentrino} can be written [5, 18, 19]:

The amplitudes A in these expressions
contain the nuclear structure
ingredients.




Motivation

The (66-decay) matrix element, however, still remains very small and accounts

for only a 10-4 to 10-3 of the total DGT sum rule. A precise calculation

of such hindered transition is, of course, very difficult and is inherently a
subject of large percent uncertainties. At present there is no direct way to
“calibrate” such complicated nuclear structure calculations involving miniature
fractions of the two-body DGT transitions. By studying the stronger DGT
transitions and, in particular, the giant DGT states experimentally and as

we do here, theoretically, one may be able to “calibrate” the calculations of
66-decay nuclear elements.

N. Auerbach, L. Zamick, and D. Zheng, Annals of Physics 192, 77 (1989).



mplitude.

a strength (in the closure approximation) and is
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|
al state f,:




D.C. Zheng et.al., Annals of Physics, 197, 343 (1990)

® We approached this problem of the distribution of DGT strength in the most

* straightforward way. We calculate the shell-model states in an extended model

® space in the parent nucleus, (N, Z), in the intermediate nucleus (N - 1, Z + 1), and
° in the final nucleus (N- 2, Z + 2). Having determined the nuclear wave functions

* we then evaluate directly the zncoberent sum and coberent sum.
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FiG. 4. The DGT “Ca gs. to **Ti gs. transition amplitudes M < ;,(/) (the individual contribution
from the ith intermediate state, open circles) and 3 M © y,in) (sum of M S (i) for i =1 to n, solid line}
vs excitation energy (Ex) of the intermediate 1+ state in **Sc. The modified renormalized Kuo-Brown
interaction is used in the 0f-1p shell.




DCX and 2 decay

Some (n, p) studies were initiated in which one chooses as the target states the final states of the relevant double
beta decay process. In these (n, p) experiments one measures the GT strength to the various intermediate single-
charge exchange states. One can then take and multiply the two GT strengths obtained in (p,n) and (n,p) to the
same intermediate states obtained in each reaction and try to sum over the intermediate states observed. For
example, let us take the A = 48 nuclei. The (p, n) and (n, p) reactions are performed correspondingly on the 48Ca
and 48Ti targets. The intermediate states measured are in both reactions located in the 48Sc nucleus. The actual
experiments were performed at the initial nucleon energies of 200 MeV. At these energies the spin states and in
the forward direction GT states in particular are excited predominantly.

Using the DWIA analysis, one is able to extract the GT strength for the various intermediate states observed in
these two reactions. Note that only the squares of the matrix elements of the type (J;|ot|n) and(n|ot|/;) can be
deduced from these two one-body experiments. The relative signs are not determined in such processes. By
measuring transitions to a great number of intermediate states, one in principle can determine the incoherent
sum for the g.s. to g.s. transition. There are several difficulties in this procedure even when one tries to
determine the incoherent decay sum. First, because of final experimental resolution on the one hand and large
density of intermediate states on the other, one is not always sure that it is the same matching intermediate state
that is excited when the (p,n) and (n, p) experiments are compared. Second, and related to it is the fact that
when a strong GT transition in (p, n) is observed to a given intermediate state, the (n, p) transition to the same
Intermediate state might be (and often is) weak, and vice versa. This of course makes the experimental
exploration of the double-beta decay amplitude difficult. The ground states in the two target nuclei are not
related by any simple transformation and therefore the action of the ot, operators leads to mismatched

distributions of strength in the intermediate nucleus.




DCX and double beta decay

It 1s clear that the combined studies of (p, n) and (n, p) may

provide some information concerning the nuclear structutre aspects of the 2 decay
matrix elements. It is also clear that because of the coherence of the 28 decay
matrix elements, the use of (n, p) and (p, n) strength cannot determine the value of
such matrix elements. Also, quite obviously in such experiments, one cannot excite
all DGT strengths. In order to be able experimentally to study the DGT strength
(including the 2 decay g.s. to g.s. transition), one must employ processes in which
the leading terms are genuine two-body transitions. Double charge-exchange

(DCX) reactions are the natural candidates for such a study.




Comment

®* One of the difficult problems in the theoretical studies of 2-beta decay is the “universal”
quenching of the single Gamow-Teller strength.

.‘ Experiments show that 30-40% of GT strength is missing in the main GT peak. This affects the

2-beta decay transition matrix element. The source of the above quenching is not certain. There
are several ideas. One is that the missing strength is due to the A — h configurations interacting
with the GT states and the missing strength 1s 300 MeV above the GT peak. Another theory is
that the GT strength is fragmented and the missing strength is several tens of MeV above the
main GT peak. These two different theories will affect the 2-beta decay matrix element
differently. The uncertainty, (because of this quenching), could be as large as a factor of 2 for
double beta decay.

® (L.Zamick and N. Auerbach , Phys.Rev. C26, 2185 (1982).)




Interesting problems (circa 1990)
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Nuclear structure properties of the double-charge-exchange transition amplitudes

N. Auverbach*

Institute for Nuclear Theory, HN-12, University of Washington, Seattle, Washingron 98195

D. C. Zheng'

Department of Physics and Astronomy, Ruigers University, Piscataway, New Jersey 08855

For single j, n-even, In the seniority scheme -the AGP formula holds.

A+

2j+3—2n

(n—1H2j—1)

0,={j=010,,|j*7=0) ,

0=

S even 20+ 1G0T )

S revenl 20 +1)

DCX transition operator which possesses the *““pairing™
property [4], i.e., an operator that for even n satisfies

( j".r=mﬁu|j".r=m=§au : 6)
where n /2 is the number of neutron pairs. Operators

such as 8(r;—r;) and o o, fall into this category. For
such an operator, O =0, /(2j), a=0, =0y, and

B/A=j—1. (7)

The DCX amplitude M then takes the following simple




Configuration mixing in Ca isotopes

* The configuration mixing is weak. In this case one can still use the AGP

equation with j=7/2 | however the coefficients A and B are changed, which
. means that the transition operator has changed. Calculations indicate that the
range of the effective operator has a shorter range.




TABLE I. ¥ *Cai(], |—*""TiiDIAS) transition amplitudes M for various types of operators in the
single- 5 4 shell-model (87} and in the extended fp space shell-model (CM) caleulations using the
“FPD&" intersction. In the column labeled *AGP" is shown the fit obtained using Eqg. (1] with 4,8
parameters (denoted by A, 5 ) determined by the =2 and § CM values. The ratios B 7 4 and B/ 4 are

alao hown for each operator. N

n d,, sI CM AGP Oy 81 CM AGE
; 1 & 2000 3,00 3,060 Borery —2.571 — 35973 -3.973 :
? 4 1.633 2.340 2,31 —1.0%  —31008 —3.00 e B

i 1544 1974 .03 — 1,952 —1.53 —21s1
£ 1.512 1,500 1,800 = 1,5 —134 —2304

BrATE s A) 3.00 3,52 3.00 31,52
1 ¥ it 2000 30008 3,008 Yoot —1.5M — 3492 — 3,907 !
4 1,707 2,342 2.35 —2089 —3.003 —3.0l |
[ 1,690 19 114 o —2.54% — 142
g 1.71% 1.5490 1.5490 =044 —29M  —13M

BrAlEy A 2,74 317 300 352
2 Y.u 2.000 2581 .30 Yoo — 1571 —4.183 —4, 183
4 1.539 026 P —108% —3166 =115
6 3.06% 1577 1.54 — 1092 —2.548 —2.73
] 40028 4200 42006 ~ 1944  —2.413% —1.413

BrAtBrdy .18 1.54 3.00 154
2 i 2,000 2,185 1.185 Coar —1.571 — 4147 — 4047
4 4.101 4,276 4,21 =20 =317 =315
& 6.232 6,345 6,32 =199  —2680 —176
g 5,367 .28 E.428 — 1.944 -2 47 — 147

BraiBrA) 022 011 300 347
2 it 2000 2000 2000 TErIr —2.57 — 40021 — 4,021
4 4. A9 4,894 4.90 —200% —3100 —3.08
fi 4. Th6 7746 .75 = 1992  —2.662 —1.73
] 10,553 10,583 IS8T — 14044  —2.48] =2 481

BrAAIR/A) (.00 .00 3.00 341




N1 1sotopes

® Here the configuration mixing is strong and the AGP equation is

. approximately valid when one uses the generalized seniority scheme. Instead

of j one must use
® j' :Q—% with Q:Zi(ji s %)

* In this case of the Ni isotopes j= 11/,




TABLE TL *""Nil0], |—"""ZnlDIAS] transition amplitudes M for various types of operators in
the fall | 1py .0 .10 4 ) space shell-model (SMI calealation using the “ASDIT” interaction. In the
column labeled “AGE” is shown the fit obtained using Eq. (27) or (28) with A, F and &, 7 amplitudes
determined by the # =2 and & 5M values. The ratios B/ 4 and A2 are also shown for each operator.

" Gy, 5M AGP iz M AGP
x hiet 3all 1611 Saarr — 6018 — 6018
& 2.a69 157 = 4948 — 4,94
& 2H35 133 —4.724 —4.71
] IR 1776 — 4626 — 4,626
i 2744 1.75 —4.557 —4.59
I 2698 1.74 —4.497 =4 57
Brd 4,92 4.92
Ara 14 354
2 Y. 1,597 3,597 Y oot — 60 —6.080
4 109 308 —4.971 —4.97
& 1.075 306 —4, 147 =474
B 1118 EN B — 4 G4 ~d_6dR
10 1173 LR | —4.578 —=d.61
12 3126 33 =4 517 —4.59
Brd 435 492
fia 399 367
2 You 1077 0m Yoo — 5536 —§5.536
4 3.547 380 —4 488 =4.50
™ 4,858 482 =i 35] —4.26
i 5,504 5894 —d.140 — 4. 140
1n 6.923 b.4% —4.054 —4.07
12 7.932 0E — 3968 — 4,02
Brd 163 305
Bra 28 — 56
2 e 2.250 2.290 Coatt = 4,650 - 4,650
4 4.589 4.57 — 3,688 -i7
& 6.912 .80 —3433 — 348
] 9,234 6,234 —3338 —333
10 11.550 1057 =32 =323
] 13858 11,81 =3.122 =315
Brd 0.30 5.6
Bra .38 —120
k4 i 2000 2000 L —4.230 =4, 219
4 4.890 4.90 —3132 —338
'] T.746 1,75 — 3.0Rd —313
[ 10,583 10583 — L5978 =2.978
10 13416 13.42 —1HG% —2.86
12 16.248 16,25 — 1743 —3.76
BrA .00 538
Bia 0,00 — 559
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