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Single-particle transfer and nuclear supersymmetry
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Transfer reactions constitute a stringent test for nuclear supersymmetry, a theory that simultaneously de-
scribes neighboring nuclei with bosonic and fermionic character. We construct and analytically evaluate one-
nucleon transfer matrix elements between supersymmetric partners with the U(6/4) case as an example, and
stress the need for a careful treatment of bosonic and fermionic operators in the construction of mixed tensor
operators.
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Recently the supersymmetric classification of nuclear levcase where neutron and proton bosons are distingui{€ied
els in the Pt and Au isotopes has been reexamined by takingredicting in this way a correlation among quartets of nuclei,
advantage of the significant improvements in experimentalhe even-even partner witN,+ N, bosons, the odd-proton
capabilities developed in the last decade. High resolutio@nd odd-neutron neighbors with,+ N, —1 bosons, and the
transfer experiments with protons and polarized deuterongdd-odd nucleus wittN,+N_,—2 bosons.
have led to strong evidence for the existence of supersym- While this simultaneous description and classification
metry (SUSY) in atomic nuclei. The experiments include have been shown to be fulfilled to a good approximation for
high resolution transfer experiments #8°Au at TU/LMU the quartet of nuclet®Pt, *°Au, ***Pt, and"*°Au, there are
Munchen[1,2], and in-beamy ray and conversion electron important predictions still not fully verified by experiments.
spectroscopy following the reactions®Pt(d,2n) and  These tests involve the transfer reaction intensities among
%pt(p,n) at the cyclotrons of PSI and Borli8]. These the supersymmetric partners. In this Brief Report we discuss
studies have achieved an improved classification of states i€ example of proton transfer between the SUSY partners
195t and'%Au that give further support to the original ideas %4Pt and %Au [e.g., through thed,n) stripping reactioh
[4-6] and extend and refine previous experimental workin the U(6/4) scheme. We emphasize that special care has to
[7-9] in this research area. be taken in the theoretical analysis because of phase ambi-

In the context of the interacting boson modiM) [10]  guities in the SO(6) classificatidi4] of boson and fermion
and its extension$ll], lachello and co-workers proposed tensor operators.
that Bose-Fermi symmetries U(8)J({}) can be embedded First, we briefly review the U(6/4) supersymmetry. For
into a graded Lie algebra u(@) in order to unify even-even the sake of simplicity, just as in the original papers
and even-odd nucl¢ll2,13 in a supersymmetric framework. [12,13,15, we do not distinguish between neutron and pro-
The supersymmetric irreducible representafigy encom-  ton bosons. The simultaneous descriptiont3Pt and **°Au
passes the even-even nucleus wkhbosons and the odd- nuclei in the SUSY scheme assumes that the odd-proton hole
even nucleus withV—1 bosons and the odd fermion. This in °°Au can only occupy the @&, orbit. The U(6/4) dy-
idea was later extended by Van Isacker and co-workers to theamical supersymmetry involves the group chain

uerd o UBB) ® UF4) D SCP6) ® SU(4) D Spin6) D Spin5) D Spin3)

[N} [N] {1M} (2,0,0) (01,02,03) (11,72) J
()
|
The corresponding Hamiltonian, neglecting terms that con-  E=AS/(3 +4)+B[oy(0oy+4)+ oy(0,+2) + Ug]
tribute only to the binding energy, is of the form
+C[7(7+3)+ (7o +1)]+DJI(I+1). 3)
H=A Cas3(6) T B Caspin(eyt C Caspin(s)™ P Caspin(z): The coefficientsA, B, C, andD are determined in a simulta-

neous fit of the excitation energies of even-even and odd-

even nuclei that belong to the same supermultiplet. In addi-
which leads to an analytic form for the energy as a functiortion to energies, in the case of a dynamical supersymmetry
of the quantum numbers closed expressions can be derived for other observables as
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well, such as electromagnetic intensities and single-particle 6(2)= —i(s"xd—d"x3)@

; ; Iz I
transfer reaction strengths. In the next section we concentrate
on the latter, and in particular on the transfer between the
even and odd members of the supermultiplet.

The single-particle transfer operator that is commonly. . . . )
used in the interacting boson-fermion ModéBEM) has The transformation properties of the boson creation and an

been derived semimicroscopically in the seniority schemdlinilation operators under SO(6) can be investigated by con-

[16]. Although strictly speaking this derivation is only valid Sidering the rotation
in the vibrational regime, it has been used for deformed nu-
clei as well. An alternative method is based on symmetry
considerations. It consists of expressing the single-particlginceR(a) transforms the creation and annihilation opera-
transfer operator in terms of tensor operators under the sutF(-)rS in the same way
groups that appear in the group chain of a dynamica '

\) T gy )
GM =(d ><d)M (A=1,3).

R(6)=exp(—i0QP). (8)

(supe)symmetry[1.5,1ﬂ. . . st cosf sing\ /s’
For single-particle transfer between different supermulti- R(6) RY6)= ]
: d? —sin® cosg/\df)’
plets of U(6/4) characterized By} and[ A+ 1}, the trans- 0 0
fer operator, to lowest order, is given k), which by 5 _ N €)
construction transforms as a SU(4) tensor operator S 1 cosfd sind\| s
R(O)| ~ |R(O=| __. ~ |
0 —sing cosf) \d,
111
bl o T(E.z,z) 4
ImT XA mTa 3,3).3m @ the annihilation operators have the same tensorial character

as the creation operators,

Here the upper indices denote(,05,03), which speci -
the tensoriaFI)F;)roperties under Spli(n(Ezs) V\%ich is ison?orpfﬁ/ic to b3, m:P2rm T(H0} 2m-  (7=0,1). (10
SU(4) and SO(6)13,15. Similarly, the lower indices rep-
resent ¢,,7,), J, and M, which define the transformation
properties under Sp{p), Spin(3), and Spin(2), respec-
tively. For the inverse process we have

The SO(6) isoscalar factors that are relevant for the Spin(6)
limit can be derived in the standard way by evaluating the
matrix elements of the boson-fermion quadrupole-
qguadrupole interactiofl5], provided that one uses the anti-
symmetric quadrupole operator of E). The matrix ele-

11 1
ﬁ’%,m:a’é%,m:aT(?z;_jzy (50  Ments of the latter were derived in R¢14]. It is important
212)12»

—

to note that the SO(6) isoscalar factors are related, but not
B _ equivalent to the expansion coefficiedt®f Refs.[15,18:
with a; ,=(—1)""a; _ .

The most stringent test of supersymmetries, however, is (N,0,0) (%3 | (N*55%3)
provided by the single-particle transfer between different (r,0),L (5%,2 (r+1 1),
members of the same supermultiplet. The transfer operator in T arehnz areh
this case involves the interchange of a boson and a fermion N
operator, =TIELL oyl g

111 +11 -1
P; m: 2 a|(brxag/2)$ns/2), (N,0,0) (21212) (N—2!2!+2)
2 1=02 (T’O)’L (%1%)1% (7_21%)”]
(6)
- I :gN,T,L (11)
P2 m= a) (az xb)F?, Nel,7—3.J
1<0,2 2

With these isoscalar factors we can construct the single-
with B, ,=(—1)'"Mb, _,.. Here we have introduced the no- particle transfer operators that connect different members of

tationbi=s' andb}=d". The operators of E46) are tensor the same supermultiplet according to their tensorial charac-

operators under Spin(5) and SE#), but not under ter. We find

Splr(6) (01,02,03)
Whereas the fermion creation and annihilation operators T(% 3

of Egs.(4) and (5) transform as tensor operators, the trans-

formation properties of the boson creation and annihilation (1,0,0 (3,3,3) | (01,02,03)

operators depend on the realization of the so(6) algebra. = (7,0),27 )2 (1.1

Group theoretically, the standard realization of the orthogo- 12/h2 '

nal subalgebra is given in terms of the antisymmetric gen- ~
erators X (by,xad) 2. (12

N|=
NI
Nlw
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For the two allowed representations;(,o,,03) of Spin(6) (1,3

this gives (N-4%.3.-3)
11 1
(3:2,73) .\/i~ NG \F~ t.(3)
— —(sX 2 — X 2

T ham™ TV @ Vgl dXagn
31 1) 5 3 1 3 (13)

T o \[g(sxabﬁ?” \[gﬁxa?)ﬁf)- (1.2 0.0,0
21202 ? ? (N+33.9 (N+1,0,0)

However, the realization commonly used in the IBM is in
terms Of the Symmetnc quadrupole Operator FIG. 1. Allowed Single-particle transfer reactions for transitions
from even-even to odd-even nuclei in U(6/4).

1
1 1, . & 5. .
Zg,mz - E(STX aslz)fnZ)Jr g(dTXas/z)EnZ) ,

5 1 9
) ~ 3 ~ 3
1=\ a5 X)) + \[ngxas/z)(nf) :

QP =(s"xd+d"xs)?,
1
_ (149 T(E
GM=@@xXdM  (A=13). (:

Both realizations, Eqq7) and(14), lead to identical energy 3
spectra, but the corresponding wave functions differ in rela- T(f
tive phases. The transformation properties of the boson cre- (2
ation and annihilation operators under this realization of

SO(6) can be investigated by considering the rotation We note, as is well known, that the annihilation operator

d,, by itself is not a spherical tensor operator. This led to the

R(0)=exp(—i Q). (15 introduction of the “tilde” operatord,,= (—1)™d_,,, which
does have the same tensor properties as the creation operator
In this case, we find the transformation properties d! . In the present case, we have shown that with the usual
4 . . realization of the so(6) algebra used in the IBM, the boson
IS cosf# sing\[1s . N
R(a)( A )le): _ )( T)7 creation and annihilation operators by themselves do not
dg —sing cosh)\ dqy form a SO(6) tensor, but rather
3 _. 9 3
—is| ( cosf  sin 0) -i's is™\ [—is| [TEoBo
~(O) o RO={ _ging coss T | di/ '\, N TES S (20
The transformation properties of E(¢L6) can thus be ex- The use of tensor operators to describe single-particle
pressed as the SO(6) rotations of E®).by carrying out the  transfer reactions in the supersymmetry scheme has the ad-
canonical transformation vantage of giving rise to selection rules and closed expres-
-~ sions for the spectroscopic factors. Figure 1 shows the al-
s—is, (17) lowed transitions for the transfer operators of Etg) that
. 4 describe the single-particle transfer from the ground state
S—=-Is, |(N+1,00),(0,0),0 of the even-even nucleus to the odd-
- even nucleus belonging to the same supermultigiet 1}.
dm—dm, Both operators have the same transformation character under
Spin(5) and Spi(B), andtherefore can only excite states
df —d! .

with (71,7,)=(3,3) andJ=2%. The operators differ in their

This has important consequences for the transfer operatorSPin(6) selection rules. Whereas the first operator can only

The tensor operators for single-particle transfer for the real€XCite the ground state band of the odd-even nucleus with
ization of Spin(6) with the symmetric boson quadrupole op-(91,02,03)=(N+3,3,3), the SeCCimlii one allows a transi-
erator and the antisymmetric fermion quadrupole operatofion to an excited band as welN(-3,3,*3).

canonical transformation of E¢17) to the tensor operators Process, i.e., the single-particle transfer from the ground state

of Eq. (13). Accordingly we find [(N+3,3,3).(3.3),3) of the odd-even nucleus to the even-
L1 even nucleus by the transfer operators of 8@). Both op-
T(E,E,—z) _ \ﬂ(sxaf)(%)Jr \ﬁ(axaf)(g) erators satisfy the same selection rules under Spin(5) and
3.5).3m 6 3/m 6 $m oo Spin(3), which permit the excitation of states withry(, 7,),

(18 J=(0,0),0 or (1,0),2. According to the Spin(6) selection

3.3, \F~ ) \F ~o 1) rules, the first operator can only excite the ground state band
T(%,%)'g,m: g(sxaz)y + \gldxaz) ", of the even-even nucleus witho(,o,,03)=(N+1,0,0),
whereas the second one allows a transition to an excited
and for the inverse process band as well N+ 1,0,0).
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(1,0),2 one-proton transfer to this state is forbidden by the Spin(5)
selection rule of the tensor operators of Eg8). The rela-

v 100 00,0 tively small strength of excited=3/2 states suggests that,
— LY 11 1
also in this case, the operafbf2' 2~ 2) of Eqgs.(18) can be
L.0).2 used to describe the data.

Finally, we note the relevance of tensor operators in the
(0,0),0 study of supersymmetric multiphonon structurg], as
) (N +1,0,0) well as in the construction of supersymmetric “ladder” op-
erators that convert the eigenstates of an even-even nucleus
FIG. 2. Allowed single-particle transfer reactions for transitions jntg the eigenstates of the odd-even nuclg2.
from odd-even to even-even nuclei in U(6/4). The recent measurements of the spectroscopic properties
of the odd-odd nucleus®Au have rekindled the interest in
huclear supersymmetry. The available data on the spectros-
copy of the quartet of nuclei®Pt, 1°°Au, %pPt, and%Au
can, to a good approximation, be described in terms of the
11 U(6/4)® U(6/12) supersymmetry. However, there is still an-
the operators'l'(f’i’+5) of Egs.(18) and (19 decribe the other important set of experiments which can further test the
main features of the dafd5]. For the SUSY partner®Pt  predictions of the supersymmetry scheme. These involve
and 1°°Au, there is to the best of our knowledge only datasingle-particle transfer reactions between nuclei belonging to
available for the proton stripping reaction®Pt(«,t)!%°Au  the same supermultiplet, in particular between the even-odd
and **Pt(He,d)*Au [19]. The J=3/2 ground state of and odd-odd members of the supersymmetric quartet. Theo-
1%°Au is excited strongly withC?S=0.175, whereas the first retically, these transfers are described by the supersymmetric
excitedJ=3/2 state is excited weakly wit82S=0.019. In  generators that change a boson into a fermion, or vice versa.
the SUSY scheme, the latter state is assigned as a member of We investigated in detail the example of proton transfer
the ground state band withr{, 7,) = (5/2,1/2). Therefore the between the SUSY partnef$’Pt and *°*Au in U(6/4), and

—
w2l
ol

—
i

(N +

[

1
59

N

In Table I, we present the corresponding matrix element
of the transfer operators of Eq4.8) and(19). An analysis of
spectroscopic factors for proton pickup and stripping reac-
tions between the pair of nucléP?0s and*®3r shows that

TABLE I. Matrix elements of one-proton transfer operators in the Spin(6) limit for transifi@nsom
even-even to odd-even aifd) from odd-even to even-evefr) The ground state of the even-even nucleus
has|i)=|[N+1},[N+1], {O} (N+1 00),(0,0),0, and (b) the ground state of the odd-even nucléijs
=|[N+1},[N],{1},(N+3,3,3),(3,3).2). For the final states we only show the labeld|
=((01,02,03), (11,72),J|.

f A1l 311
@ s TS
2 2 12 2 2 12
<(N+l,l,l),(l,l),§| ~j2(N+1) 7& 8(N+1)
el V73 N+2 V™ 15
(N-3.3.-3).G.3).3| 0 VNN 1)(N+4)/5
N+2
b) (f EEE 311
o RSN s s
2 2 12 2 2 12
((N+1,00),(0,0),d 2(N+1) N+5 [8(N+1)
B 3 T N+2 15

((N+1,00),(1,0),2 [2(N+5) N-1 [8(N+5)
3 N+2 15
((N—=1,00),(0,0),d 0 1 [BN(N+3)(N+4)
" N+2 5(N+1)
((N=1,00),(1,0).4 0 1 [6(N=1)N(N+4)
N+2 5(N+1)
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pointed out that special care should be taken in the theorettion of selection rules and the evaluation of spectroscopic
cal analysis because of phase ambiguities in the so(6) algéactors and transfer intensities, it is crucial to use consistent
bra. The latter arise because in the usual realization of theonventions in the construction of the appropiate tensor
Spin(6) algebra the symmetric boson quadrupole operator igperators for electromagnetic transitions and one-particle
combined with the antisymmetric fermion quadrupole operatransfer reactions. Further work in this direction is in
tor. We have shown explicitly how in this case the transferprogresg23]. To conclude, we emphasize the need for new
operators can be classified according to their tensorial chagyperiments taking advantage of the new experimental
acter under Spin(6) Spin(5)2 Spin(3). This makes it pos-  capabilities [1-3] and suggest that particular attention
sibl_e to s;udy the corresponding selection rules and derivgnouid be paid to one-nucleon transfer reactions between
their matrix elements. the SUSY partners®Pt, *°Au, %pPt, and %Au, since

The problem of the phase ambiguities arises especially fog,,ch experiments provide the most accurate tests of nuclear
coupled systems, such as the neutron-proton IBM, the 'BFMsupersymmetry.

the neutron-proton IBFM, and especially the extension to

odd-odd nuclei. As an example, the odd-odd nucl&ltau This work was supported in part by CONACyYT under
is described as a system with four neutron bosons, onPBroject Nos. 32416-E and 32397-E, by DPAGA-UNAM un-
proton boson, one neutron and one proton. Moreoverder Project No. IN106400, and by DGICYT under Project
the phase ambiguities not only occur in the SO(6) limitNo. PB981111. One of ugJ.B) is very grateful to his hosts
of the IBM, but also in the SU(3) limif22]. For the deriva- at the ICN-UNAM.
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