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A new method is described for performing solig angle corrections on gamma angular
correlation data. The gamma scanning technique was applied to two wrap a;iound Ge(Li)
detectors in order to. map their intrinsic photopeak efficiencies ag functions of the energy
and direction of incidence. ‘A collimated Y Fu radioactive source of | mCi - was used in
the mapping procedure, Concerning direction@l carrelations, no numerica) integration is
necessary for each gamma cascade measured, because a different correlation funetion is
proposed. for the fitting, where the angle—dependent effects to be -corrected have been
factorized. Only a few energy interpolations are needed, in order to obtain the correction
coefficients present.in the new function. Tests were performed with the 4~2-0 cascade of

9Ni, and 0'—2-0. and 2-2-0.of 100gy , showing good agreement with previous results.




1. Introduction

During the pass few years, the making of large semiconductor detectors for gamma
radiation. with active volumes ranging from about 30 cm?® to more than 100 cm? , caused
some factories 10 abandon the true coaxial design, the wfap around type, also known as
closed end, being the preferred one. The former is usual in anpgular correlation
experiments, due to its relatively sharp definition of pulse rise times at the preamplifier
output, almost independent of where the photon absorption took place. Nevertheless, some
of the néw detectors Go not even have the dimensions of their external and rear contacts
quoted in the manuals, depending on the faciory. These d':‘mensions‘ are essential if the
solid angle corrections are to be calculated using Monte Carlo methods [1,2]. Although
other methods might well be applied [3], all of them but the gamma scanning technique
adopt hypotheses like: (1) detector perfectly cylindrical (concerning dimensions and nternal
properties} and (i} detector aligned and centered inside its end cup. Besides, the use of
recovering cryogenic solid state detectors from neutron damage and vacuum faults always
changes appreciably their active volumes;, what can be easily verified by measuring their
new peak—to—Compton ratios. In these cases, gamma scanning is the only way to
de'cermine where in the crystal, and how much the efficiency has changed, reenabling these
detectors for use in gamma directional correlations.

Although time consuming, scanning the detectors is the only way to produce solid
angle corrections retiable until precisions of a fraction of percent for the anisotropy
coefficients, as demonstrated in the work of de Bruijn and Lourens [4]. However, when
fitting angular correlation daca, those authors had thrown away parts of the correlation
function that should contain asymmetry and misalignment effects, retaining only the
cylindrically symmetric functions. The contribution of these to the [inal vesults ¢an be
appreciable at thag level of precision. as we intend 10 demonstrate here.

Our purpose is to show a new treatment of the efficiency _mapping data. based upon

their ekpa.nsiﬁh in spherical harmonics, and to suggest .al new fun;:timi for fitting angular
correlations, where the efficiencies appear completely factorized, with no need of numerical
integrations for each cascade analyzed, and with covariances ‘taken intc_) account. This
method is useful, regardless of detector shape, size, asymmetry and nﬂsalignmentrrelative

to the end cup. Damage recovered detectors also belong to this category.
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i relation fuaction, i.e. the number W of \ . ; . o
The.experimentally obscrved angular cor " Himction, : % would be the mean number of counts in case of an isotropic correlation,

inci ; 3 tion of the angle # between the detectors, for a particular . o S
Folneidences measured 23 & function el ’ P In order to evidence the presence of 4 on the right side of €q.(3) and factorize it we

Set.ug—;a.‘n(i,(:ol]n_tlﬂg‘.ﬁlmejIS- have to (i) reinterpret g,( Ep.f2) in the following way:'choosing the end cup of detector ] .

with its axis coincident with one of the coordinate axes, say 1, &(Bu0)) is measured,

. 4 ) -,
an dQ : . N L ¥
W) = Sy z Ay f ;—1 f 4*2'31(}31:91) gz(Eg,‘Qz) Pi(cos 6y} , (1) -~ (Ep Q) has to be measured with detector 2 4 the same orientation, and ag this
C k=0 det] *7 Ygerp 47 detector is rotated by the angle &, what enters €qs.(1)~(4) is, in fact, egfgc(Esz) , which
even

is the rotated djxectiona.l_.eﬁiciency; (ii). to eliminate #p with the help. of the addition

where. § i the number of disintegrations. of parent nuclei, leading to excited states in the theorem for spherical harmonics; expressing Py(cos ¢,) in terms of spherical - harmeonics . . ,
nucleus under’ study; during the counting time, Y12 IS the yield of the pair 7~ per on the directions @ and % causes ‘the multiple Integrals to separate, and eq.(3) can be
disintegration; Ay are the anisotropy- coefficients, with Agy=1. The integration on the Tewriiten
&l direction:, _r_zi;;_s:(ei-,_ i) - TUNS.over the active-volume of the j-th detector, with (B0
, . ko
being: its: mtnnslq.._photopeak efficiency to photons of eergy  Ep, in the direction. of _ | 2 fao, &(E,0,) Y, (0) Sae, ngga(Ez’Q? ) Yia(9,) |
incidence:: ;. Py are the Legendre polynomials of order k| ang dip is the angle Fi(6) = ==k TN »- (5)
between‘-dd' and;. df2; (see figure 1) ' : i (2k+1) fdﬂl e{ By, Q) Yoo (Qy) fd92 efrot(E_ﬁ ) Y ().
g o B - - ) ) . .
" The: k=0 term can be brought into evidence in €q.(1), thus producing :
_ where the YoolQ) were introduced. for conveniencé. It can be seen that thege integrals
4 are the coefficients Skmi{Ej)  of expansions of the &i(E;Q;) in spherical harmonics, .
W) = %{1 + Z Akk-Fk(a)J ' @) namely '
k=2 ' ' : : :
even
with:- _ . : .k
, st ' B = ¥ Y emy v, | (6)
AR, 4R, £(E,0) & E, 8%} P, (cos : R L T kmiREg)
Fi(8) = ff 1 82 5 (E0)) 2(E, 2} Py {co Pra) 3) _ (0 0% , _
@ ff'dﬂl 4@, £(E,,0,) £2(E4,0,) ' ‘
e ' : : and we have
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and-finally: (iii). ta. exp,llicit.ate,the' active rotation of the g,,(E,): since the &, (E), for
fixed:: k., are: the components of a tensor of rank k , their rotations can be expressed in

terms. of thie' Wigner functions,. Dy » as-follows:

k ,
fBNE) = Y, cuwl®) Dyl ®)

m'=k

where. (afy):. arc.the: Euler angles, and their expression in terms.of the rotation aﬁgle é
: dep_egds:on. the choice of the coordinate axes 1, 2 and 3, in ﬁguré 1. Instead of the usual

choice:.. (2,3,.1)-5 (x,y.2) , we can take (1,2,3)= (y,—x.2) and the Euter angles becorne

imé

(3% = (000}~ The:corresponding D:m. happens to-be only a phase, ¢ , with m=m'

and. (7) is written.

X —im4
1 b eliml(E’l) £=;:u:ﬂ(E?.) € s
m=

= : ()

Fild) = : :
2k+1 €001 (E1) 2o02(En)

' The-condition: of F(§) being real imposes the usual comnection between e,(E) and

si'_'-_m(E) , and the final expression for W(#4)-is

4 k

w(8) = au[l + 2 Agg Z 2 (Cyp c0s Wb + Sy sen m)| (10)
= e () '
even

Cop = — and Sun = — _ (11)

with

i

- Ryn = Reepm(Ey Reeyp(Eq) + Imey, (By) Imey 7o(Es) )
| (12)
Ty = Iy (By) Reyge(By) — Tmeim(Ey) Regjp(Ei} 5

where Re and Im stand for the real and imaginary parts of the ‘&g » respectively.

Tq.(10) is the proposed function for fitting the experimental data: -
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3 Experimeuté.l_detaﬂs-

The: radioactive source was prepared from 21 mg of 97.7% enriched IEy | sealed
ina qua,rtz" capsule.. It was irradiated: at the-nuclear reactor of the Instituto de Pesquisas

Energéticas e: Nuclea.res, IPEN, with: a, neutron ﬂux of. 1013 2.5 during 5 hours, and

. the: resultmg activity.was.of about: ¥ mCi: This. source. was inserted in a lead ooll1ma.tor
5 e, thmk when v:ewed fwm the detectcr The photon beam: was collimated by a hole of _
' 2 murr i, dlameter _ L '

- The colhma.tor Was assembled ira setup able to.vary the incidence. angles @ and g

{see: ﬁgu:e 2) of' the phol:on beam on the detecter. The radloactwe source. was: sztuated at.

4

The eleet.romcs was the usua.I one. an OR’I‘EC 572 -amplifier with 2 ps of shaping
tlme, ORTEC SGD a.na.[og to digital convert.er gated in anticoincidence with the pile-up
detector cucmt of the amplifier; a. CAMAC Systemn- to- account for the live time and
accomplish: the aeqmsﬁ.ion in the memory. of a PDP 11/84. computer, where 538 spectra of
2048 channels were recorded The: ana.lys:s of these spectra. was done in a semi—automatic
manner, by usmg-- IDEFIX cade. [5 ] abie to fit a multlplet with up to twenty photopeaks,
taking into: account: the- ba.ckground -exponential tails and other charge collection effects,
together with: calibrations of energy and FWHM. Transitions following the decay of 52Ey
were: .only: considered: with intens_itieé. greater than 2%, relative to the 14.08 keV
photon [6];an-exception: being the 1528 keV transition, lying in a clean region of the

spectIum: .
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4. Treatment of the data

A. The efficiency mapping

_Once determined the peak areas, these were corrected for the transparency of the
colhmator due to the exponential law of photon absorptmn which is energy . dependent.

This correction was based upen the peak areas for points in the (a,ﬁ) mesh lying outmde

the crystal, and was relevant for phaton energies above 700 keV .

The real and imaginary parts of the e,,(E) for the considered tran‘siti.ons.of 1526m
and 12Gd  were calculated. by. means of & numerical mtegratmn, for k =0,2,4 and

m=0,L,..., k using

Re ' cos: mﬁ} N
{. I'm } Ekm(E) J-(k-i-‘ y(E) Z (E 1¢ Pkm((‘.OS.g ) sen 9 {s__e_ri mé:|: D; p,] LI

o

(13-

where y(E) is the relative intensity of: photons of energy F., A(E Bl,gb) is. the corrected.-

~area of the photopeak of energy E, when the collimator pointed to the d.:rectmn (Bl,qﬁ )

P, are the associated Legendre polynomials, and P;, p; are the Simpson. mtegratmn_
weights for the coordinates # and ¢. For km fixed, the several ¢, (F) can. be. ﬁtted
by smooth functions of the energy An example is shown in-figure 4. Due to: their ciwerse
behaviour for different km pairs, three functions were needed in order to fit: the whole Cim:

set:
I Zy, = a(lnEP+b{lnE) +c |, . (14a)

n(~Z,} = a(ln E)? 4 b{ln E)+e¢ , S (14b)
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and~

Iy = aE2+bE+c _ _ 7 o {(lde)

where: a, b and ¢ are the fitting parameters, and Z;, stands for the real or imaginary
parts of =, . For the first and second functions proposed it is recommended the use of
{E/E*) instead of In E, where E* is approximately the center of the energy interval
being adjusted. This procedure contributes to an fmportant reduction of the covariances

between. the fitting parameters.

B. The angular correlation function

The fitting of angular correlation data is achieved by first interpolating the whale 7

€ym St (15.coefficients; when taking into account the real and imaginary parts) for both
gamma energies-of the:cascade. The Ry, and I, (egs.(12)) are then calculated, along
with their cova.riémce matrix My, and inserted in the proposed fitting function (eq.(10)). '
In order to aveid.the direct determination of ¢, the relative experimental values
w,=WyW,,1=2,..,N, are the one;s_- to be fitted. Their (N—1} = (N-1) covariance

mafrix Mi.;exp is given by
M

wexp = TWw MWekp TWw o (15)

where {MWexp}ij = o} &, L,i=1,.,N, and T is the usual Jacobian

Ww

transformation matrix f?], the tilde meaning transposition. Likewise, M, can be
transformed to Mwaeo.’ a covariance matrix of the relative function at the measured
angles, wff) = W{8)/W(8) . It represents the contribution to the covariances coming
from the scanning procedure. A total covariance matrix M = can then be obtained by

adding up M wesp and Mtu‘teu , since their contributions come from independent sources.

The final step is the minimization of x* with respect to &, the multipoie mixture,

directly. This- is a covariant x? problem,
X =AM}!A, : | (16)
wﬁere A s the difference columh_ vector, ﬁith elements
Ay = w— o) ., i=2.,N . _ L.an
The ¥® . minima can now be locked for by means of.calmﬂating.tﬁe x = X (f%) .fUHCf-iOR,
which can be plotfed against arctané , as the example in fig. 5. The plausible. § ._va.lué is

the one associated to the deepest mimimum, x2;, , and its standard deviation is taken

from the ends of the interval around &x2;,) where x* = xg;, + 1.

S
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5. Applications.and. discussipn

- The mapping procedure, revealed ‘many; features. concerning: internal and externat
properties- of. the: detectors: the efficiencies . showed some departure from. cylindrical
symmetry, where differences of up. _te_--l{)% were measured; mainly at photon energies

around I MeV.  Crystal to end cup; misalignments. of approximatety 3.mm were found for

both: detectors ekami_i:ed.‘ The: data were also able to. show. the:efficiency drop. due to the

central.rear contact, in the range of 10% t0.15% when going from 0.1 to. 1 MeV photon
energies.. .
The recent a.ngular correlation: work:;of - G.Kenehian [8].on  Y°Rh decay made

available a-large. quantity. of data: that. were analyzed by the: traditional method and the

. one described here;. with satisfactory results. .

Three gamma. eascades from %Ni. and YWRn are presented; their. anisotropy

coeﬂicient_s:gi_v.en in; table 1, with_additiqﬁal__iuf_ormatiom Although: the counting statistics

attaiq.e_d—tir;;-;‘these--__;;pp!_ic,a.t;ong_;_d_o ﬁot_-;each._stangia:d-deviations of the. order of those in’

ref..4 -the r&sulﬁs‘agree‘ well with: the- expected. ones, even for the 2'— 2 transition in
100Ry , since: the mean value of the: multipole mixture for several independent correla.tmns
produced: 3.70(41)., in close agreement with older data [9]-

As g final remark, eq.(7) for the- Fi{8) could be seen as a matrix product,

Fi() o <f, D ey (18)

where the &,; are column vectors and D is the rotation ma,tnx The chozce of axes

permitied to diagonalize D » but keeping the asymmetry effects imply to maintain all the

honzere. m  products (especially the odd—m components) in eq.(18). Their relative

weights, namely the C,, and Sin coefficients of eq.(10) can be appreciated from table 2,
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for the first cascade in table 1. These numbers show that, in our experimental setup, ‘they
must be all present in order for us to achieve reliable anisotropy coefficients at the
precision .of a fraction of percent. Needless to point out that if ame intends to use
noncylindrical detectors (as the recovered ones might become), the correction effects are

even more important. .
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Fig. I.
Fig. 2.
Fig. 3.
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Fig. 5.
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Figure Captions
Geometry of a directional gamma correlation. $ is the source position.
Representation of the gamma scanning angles, « and §.
Peak area distribu;.ion in the {a,f8) domain, for detector 1 and photon ehergy
of 122 keV (maximum value is 34600 counts).
Fitting of In gy versus InB.

Typical plot of log x* versus arctan §.
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Table 1

Results obtained in the analysis of gamma directional correlations in %Ni and 1™Ru .

Nuclide - ~ Spin sequence Gamma energies Agy and Ay,

(keV)
80 4-2-0 1173-1333 0.104{12)
- 0.009(3)
100Ry 0'~2-0 590—540 0.331(76)
: 1.06(24)
100R 220 - 822—540 —0.215(8)2
0.312(2)

* values corresponding to a multipole mixture of 4.55(23}, consistent with older data [9).




19

Table 2

 Ciy 2nd- Sy coefficients for the 4-2-0 cascade of %ONi

Figure i
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