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SOLID-STATE EFFECTS ON PIONIC ATOM X-RAY SPECTRA*

Georges -André Grinl and Raymond Kunselman

. Lawrence Radiation Laboratory
University of California
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.May 1969.

i

‘Solid- state or chem1ca1 effects were observed on the 1ntens1t1es of
11nes in p1on1c atom x—ray spectra of several compounds and m1xtures.
A poss1ble explanatlon of the dev1at1ons from the Z law is d1scussed
Sohd state or chem1cal effects have been observed in muonic atoms

- [1-4] and recently in pionic atoms [5] by looking at the x-ray intensities of "
tranS1t1on lines 1n a spectrum L1ne 1ntens1t1es of an element are generally
dlfferent according to whether the element under conS1derat1on is pure or a
part of a compound in partlcular the ratlos of line intensities are dlfferent
[2-5]. Apart from this result, it is known that the so called Fermi- Teller
- Z law [6] (the predlctlon of capture on the constltuents of a compound in pro-: :
portmn to the1r atomic number) is vahd only as a general and approx1mate
) rule; the nature of the chemlcal bond appears to be a factor 1nf1uenc1-ng the -
atomic capture ratio {1]. | .;

It seemedvinteresting to us to use the favorable 7~ intensvity.available‘
at the Be.rk_eley 184-inch_cyclotro_n to further study such effect‘s. The use_.'of ‘
»~ rather than p~, apart from: the supe rlor i'nt:e’ns‘ity, has sv_ome drawbacksf;v_"_:‘
~The nuclear .capture perturbs the‘ lower transitiOns to a point ‘where‘the Zp;ls,
3d-2p, and, in high-Z nuc1e1 even 4f 3d x- ray transitions are difficult to |
tobserve or cannot be’ measured Furthermore the nuclear capture Y rays "
“ cannot be d1st1ngulshed from the genume X rays by a delayed c01nc1dence |

. measurement, as with p. . However, for .hlgh enough orb1ts—-—1n_part1_cular_
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-whéré the atomic cépture takes 'piace--fhe behavior should be the sé.me for
™~ and n, again apa.‘rtv from the nuclear ca,.pture, which vrhay .-affect noncircular
low-£ orbits for p_ions (3s, for exampl‘e'). |
We us-éd the cbnv'entional'.nldethc)d of préducing. and identi‘fy:ivng' stopp_e_dv
' 11" The x rays were ﬁetééféd and their energy measured by means df a |
1. 0-cm-thick by 3.0-cm‘-diaméter Ge(Li) detector. The de.tector was ébOut
15 cm from the.target and surrounded by a lead éhieldingf The enérgy reso-
- ‘11.1tio’n wé,s 1.3 kéV FWHM foi thévA57Co" :_1.2.2-ke._V line. The targets were
L usually disks of 7.5 cm' diameter and 1.25 t6 2.0 cm thick,'(1.5—‘3. 5 g/crnvz)."'
A fést.;oinéidence(z 100 nsec). waé requir.edi be.tween'f_:he‘stopped pion signz_a,i
- and’.the‘f‘a.stﬁoutput'df the Ge émplifief systerﬁ'[7] . The _‘,c_c‘>in‘c.ident p'uls_e— .
. he1ght spectrum from the -siow fGe amplifier outpﬁt was i;’.evcorde'd on a puléé_—
.he'ight analyier. The fast c'.oin‘c'id‘e‘nce‘”wag_ shown to'ca.use. 'no, léss. ofigoéd.‘,; o
. 'e;(»venvts’above 50-k;;\/ while. vap_preci:'abl.y ‘reducing thevbackgroum‘i due to chér;ée

coincidences. Typical instantaneous rates foi‘ the 60% duty cycle of the -
stretched cyclotron beam were 10° sec™ -1

'fér'the:stoppéd m and 3. 5% 10° sec
'. on the Ge detector (‘a'bove a '30-keV. threshold). |

’ Thé spectra wef_e 3cénned andv thé ,péak area:s 'evaiu‘abted after back-
'_'l"»ground‘svubtractic')n._ -Twc_> methods for e\}aluation were used and cross-

" checked. Jhe first was a hand-and-eye method and the second an on-line

éoinputer fitting procedure. The data were corrected for the self-absorption

of the x rays 'in the target and for the efficiency of the detector. The efficiency '

curve as a function of energy was. carefully’ndea.sured with sets of 'calibx_‘ate:d

sources [8] and by use of the known relative intensities of the lines of 755_ef, '

. and 177mLu sources. .An x-ra.y'.spectrum was measured not only for a .

particular ‘compound but also for the corresponding mixture (when available)
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of the same vatomvic ratio.v .Figu_.re 1 shows examples of x.-raYISPectra for
a comoound and a mixture. |
' The.results_ are displayed in the table. ‘Several.‘types of line intensity .
ratios have bee'n calculat‘ed. Th'e'» rat‘ios are either for lines a.ssociated with
the same element, or for palrs of lines (one from each element) in a com- |
pound or mixture. The errors 1nc1ude the contr1but1ons due to the background
subtraction and to the unce,r_tainties with which the detector eff1c1ency and
- the target attenuation vfactor"_"c_ould be known. When a ratio of ratios is calcu-
" lated for a compound and mixture pair, the uncertainties on the efficiency T'av'nd_
the Vattenuat'ion factors ,cancel or are rednced. " In every” case in which it w‘as
"'_Ine’ce_s sary a correction was: "made t‘o .ta‘“ke' into account .t'he»dif,fe rence. in the-:“:
'yield (nnmber of x rays of a }oar‘ticular transition ,p-er”sto.pped pion) of the
' elements- becaus'e_of nuclear_ capthre of the pions. It was difficult to deter:._
‘ mine an absolute yield with an overall uncertainty smaller than :_i:1_0%; be -U,'
canse of..di'fficulty in evaluation of the true number of stopped'ﬁ-i hut the :. "
relative yields are knOWn better, to 5:5%._' Thesé yi_elds were mea-shred b‘y';
-'us1ng the elements as. targets whenever poss1ble._ | | |
Before dlscuss1ng the results, we wish to emphas1ze that the ratio: of
cai)'ture on the two constituents of a COmpound can be only Vindirectlydeduced .
frorn a measurement of two xk- ray line intensiti:és.' : Thex intensvity covers-t'ﬁo
.effects: one.', the initial'atom_ic capture itself,” the.other., the subsequent
. process vof' the'casc\ade:.’ Several measurements [2-'5] as well as ours have
 shown that the cascade is not the same for a pnre element and for that element :
Fm‘ a compound This remarkable fact probably reflects twovmfluences, one,
the initial capture's taking place on common levels, and, two, the cascade 5. :

being dependent on the symmetry of the potential (i.e., the Af =1 selectl_on
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rule for radiative transitions applies only to spherical ‘symmetryland not to
the nonspherical symmetry of 'the potential for some compounds),.
What could he noticed_at first is that the line *atio of the two.elements

of a c0mpound usually differed from the line ratio in ‘the 'corr.es',ponding mix-
ture. However, a compound and the corr‘espondingvmixturv/e’ should not be
co_mpared directly, vbecause the rni_xtur.e Was not.on the_atomic leyel; fI‘he.
grain _size for all constitue_nts of the mixtures was 'smaller than‘ 100 mesh-f )
'('(’)',1149 mm) except for Te, which was 65 meshi(O.ZiO_ mm), and they Were. ’
all larger than about 325 mesh (0.044 mm) In' a first aoproxirnation for
these real mixtures, the ratio V /V2 of the volumes of the constituents of
..the mixture, as ‘well as the’ ratio of the rates of energy \loss (dE‘/dx), is '
effect‘ive in the capture ratio. Using the known density of the elements 1n the -
. rnlxtures and assuming that the ratio of the rates of energy loss.is pronor-'
tional to Zi/ZZ’ one obtains ‘the capture ratio proportional to V1Z1/V2 29 |
- and one can roughly explaln the measured ratios for the mixtures.

A second effect is that of-the hinding on the intensity ratios for each
element of a compound. | This supports the previous ohservations done. with
7, in particular for Ti/TiO [2;4]' and C/CH, [4] . The effect, if any, for Ti
is much_ smaller in our case, in agre'ement with ref. 5. The effect for C is
in agreement 'with the Iirevious p results; it is large -and opp031te to that for

"T1, and probably from the H to C transfer of mesons.’ Trans1t10ns betyveen
. circular orbits (£ =n-~1) appear to be slightly favored in the compounds (see;
for example,‘ Tl/TlOZ, CdTe/Cd+Te, InSb/In+Sb).

If we attempt to compare our capture ratios with a Z-law prediction

[6] » We see that a Z law is valid only as a rough rule
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As noticed previ'ously with p~ for oxides [1],. there‘s_eems to be an apprec:iable :
modulatmn of the Z law.v | ’ | | _

Au Yang and- Cohen have stud1ed this problem [9] and shown that the ii
~capture takes place on h1gh common molecular orb1ts and that solid-state -~ -
effects cannot be neglected They have performed numer1cal calculatmns |
for a few cases, in part1cular for ZnS, for wh1ch they expect a rat1o of 3. 0,
which compares well with our experlment In agreement with these a.uthors,
..we f1nd that the atom1c capture is influenced by the Z rat1o, the ratio of the
x radn of the two types of ions or atoms, and the effect1ve charge parameter
. -Zf. | The effectwe charge parameterils an e_stl_mate of -the_charge transfe‘_r..,:
1t characteriZes the chemical bond and is. defined as the amount of ionic
.cha.racte'r Vtimes the number of valence electrons. -‘The'.'io"nic character of'a
bond is related to the difference in electronegativitf of -t-he atoms; these _
parameters are from Paullng [10] For z 1/Z <1, Zf‘might be the'most:
1mportant factor, as in ZnSe, where the dev1at1on from the Z law is large.

'l- But the add1t1onalveffect of Z £ in favor of the p051t1ve ion, is per-haps small
when Zi/Z‘2 > 1; ‘it can also be counterbalanced by the_effe_ctof the lratio of

the radii, usua'lljr smaller than 1, fa\}oring the negative ion. The _compafisbn _
v:.Qf FeS with F'e'Sz“ .is,dire'ctvev-idenc'_e'for'_the effect of Zg. . |

The KCl1 .a'n'd CaCl, compared as lsolutions in Water and as the.anhydr?ous
- salts, _also'show the effect of‘ Z £ but with the complic_ation brought by the
d1ssoc1at1on. Cvoncerning‘the Cu3Au-alloy, from the most reliable ratio, '
oaf- 3d Cu/ Ti- 6h Au, one mlght conclude that the potent1al of the unordered
: .sample is more like that of the mixture 3 Cu+Au.< The vordered sample wa__s

. characterized by a factor-of-Z increase in the _‘electrical conductivity after

the thermal »ordering | proce SS.
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. Beside stﬁdying isotope effects on the shifts and widths [11] with

44C_aC12 and 40CaC12‘ targets (our results [11] show smaller line shift and
: .Widfil in 44Ca than for 40Ca), we searched for a possible nuclear-mass ’
lattice-recbil effect on‘thve atomic capture ratis, following a sugg’eStioﬁ by
E. Tsller. Ourl .results might show an effect (z5%), seen in three different -
ratlos, but the uncerta.1nt1es are as large as the effect. Again; a.parvt from':
the 1nten31ty, a study with p. would be preferable |

V We. thank Professor Emlllo Segré and Dr. Clyde Wiegand for their -
v 'intsrest,guidance, and support. We glso thank Dr. R. Pehl, who provided
I»,excellent Ge(Li)'detect_o‘f‘s, Dr. F. Goulding, Dr. D. Landis, Professor_ M
,'Cohén, Dr. M.r Y. Au-Yang, and fﬁe 184 -inch Cyclotrqn crew, under J. sz_i:le
and. L. Hou‘s'er,v for their help an’d interest in the experiment. One of .us a

."--(G -A. G.) thanks Professor Ch. I-Iaenny and Professor J. P. Blaser for

.- grantlng the fellowsh1p
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Fig. 1. Pionic atom X ray spectrum of a compound
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Al of the quoted ratios are given for a one-to-one compound., The ratios given on the same lines as element yields include the effect of the latter. |

Samples Z24/22 z2¢® Line ratio_b . In first sample In second sample Firsat line yield® Second line yvieldd Ratio of ratios®
ZnS, Znt§ . 1,87 0.36 4f-3d Zn/3d-2p S 2.68 #0.12 1.42 0.06 1.89 40,08
© 2.54 £0.31 . . 1.35 £0.17 0.40 £0.05 0.38 £0.04
5f.3d Zn/4f-3d Zn - 0.16 20,01 0.130£0.007 . - 1.23 £0.08
B 6g-4f Zn/5g-4f Zn ©0.18020.015 0.22 %0.02 0.82 £0.04
: - 4d-2pS/3d-2p S5 . 0.145£0.012 0.1750.015 0.83 £0.09
ZnSe, Zn+Se 0.89 0.30 . 4£-3d Zn/4f-3d Se 3.57 £0.19 0.64 +0.04 . ; : 5.58 20,34
i ] - 4.10 £0.49 0.74 £0.09 0.40 #0.05 0.46 £0.04
. 5{-3d Zn/4{-3d Zh 0.14%0.04 0.12 £0.01 : 1,17 20.12
. 6g-4f Zn/5g-4f Zn 0.14 0,04 - 0.48 #0.02 . 0.78 £0.07
FeS, Fe+S | 1.62 0.24 41-3d Fe/3d-2p § 1.67 £0.10 . 0.74 £0.04 ‘ R i 2.26
: i . s _ 2.75 £0.341 1.22 20.13 0.23 0.02 0.38 20,04 R
fesz. Fe+2S 1,62 0.12 4f-3d Fe/3d-2p § 1,30 20,08 - 0.85 £0.05 : X : i7"1.53 +0.10
' 2.15 20,24 1.40 20.16 0.23 20,02 . 0.38 20.04 -
CdTe, CdtTe  0.92 . 0,08 .. Bg-4f Cd/5g-4f Te 0.84 +0,05 10.77. £0,05 : : ‘ . 1.09 £0.07
: 0.90 £0.10 0.82 £0,09 0.40 40,04 0.43 20.04
6h-5g Cd/6h-5g Te 0.83 £0.08 0.72 £0,07 : ‘ . 1.15 £0.10
0.85 £0.11 £70.74 £0.10 0.44 20,04 0.45 £0.04 R
7h-5g Cd/6h-5g Cd " 0.230£0.025 0.25 £0.03 : 0.92.40.11
7Th-5g Te/6h-5g Te 0.15520,02 .  0.18 %0.02 0.86 £0.13
7i-6h Te/6h-5g Te ' 1.48 20,12 0.85 20,10 1.39 20.16
InSb, In+Sb 0.96 0.03 5g-4f In/5g-4f Sb 1.02 0.05 ©0.99 20.05 . 1.03 20,05
: . : T 1,07 20,41 ° 1.04 £0.10 0.43 £0.04 .0.45 %0.04 o
6h-5g In/6h-5g Sb 0.94 +0,09 0.91 £0.09 ) 103 £0.09
0.94 20,12 0.91 20.12 0.47 #0,04 0.47 £0.04 .
7h-5g In/6h-5g In 0.19540,025 0.23 40.03 0.8520.13
Th-5g Sb/6h-5g Sb 0.24 %0.02 0.225£0.030 . 0.93 £0.14
Ti, TiOp . 5-3d Ti/4f-3d Ti * 0.208£0.018 0.2000.018 " 1.04 20,08
i : < 6f-3d Tif4f:3d Ti- 0.21420.,020 0.20740.020 1.04 £0.09
76-3d Ti/4f-3d Ti 0.04940.006 0.059£0.008 0.84 £0.14
7g-4f Ti/4f-3d Ti 0.457£0.019 0.14740.018 1.07 0.12
41-3a -n/sd -2p Ti 1.59 20,14 1.59. £0.15 : . . 1.00 0.14
1,05 20.44 1,05 20.15 0,29540.03 0.195£0.02 o g
coem, oL . 3p-1s C/Zp 15 C. 0.24 £0.03 © 0.29 0.04 0.71 20.41
g : 4p-1s G/2p-18 C 0.135£0.025 0.21520.03 0.63 20.42
5p-1s C/2p-1s C 0,41 £0,02 0.245£0.035 0.45 £0.09
'CaClyCaCl,(H,0)1.48° 0.6z 3d-2p Ca/3d-2p Cl - . 0.77540.040 ©  0.82 #0.05 : . 0.95 £0.06
& o . _ 1.45 20,42 1.22 0.12 0.24 £0.02 ©0.35520,03 : :
5£.3d Ca/3d-2p Cl 144 20.12 . 1.40.20.23 1.03 £0.17
6f-3d Ca/5{-3d Ca 0.46 +0.05 . 0,35 £0.42 - 4.30 20.45
4d-2p C1/3d-2p Cl 0.09 20.01 0.12 40.02 0.74 20.14
. KCL, KCI(H,0) 1.1z 0.70 3d-2p K/3d-2p Cl 0.99 0,04 0,74 0.05 : £.39 £0.10
. ‘ R 1.13 0,11 0.84 £0.94 0.31 20.03 0.355£0,03 o
4f-3d K/3d-2p Cl 1.5 £0.07 0.91 £0.07 - 1.27 20,07
) 1.32 £0.13 1.04 £0.12 0.31 £0.03 0.3550.03 e
CsCl 3.23 0.73 . 5g-4f Cs/3d-2p Cl 2.33 20,14 : .
- 1.84 £0.20° 0.45 20,05 0.355£0.03
' . 6h-5g-Cs/3d-2p Cl 2,02 +0.10 . : o
. - : - © 1,63 40,16 0.44 £0.04 0.35540,03
) ] '_1h-5ng/6h-5g Cs - 0,19 0,02 :
*cacl,, *caci, i 3d-2pCa/3d-2p €1 '0.8350,055 0.89 0.06 o . 0.94 0.08.-
: . 1.25 #0.13 1.31 20.14 0.24 £0.02 0.35540.03 )
6£-3d Ca/6£-3d Gl 2,01 $0.22° - 2.15 £0.22 0:94 £0.10
4d-2pCl/3d-2p Cl 0.14540.010 0.12520.010 0.93 £0.10
4£-3d Ca/3d-2p C1 0.895+0.080 0.945£0.080 ! 0.95 £0.08
) .11 20.14 1.18 0.15 0.28520,025 0.355£0.03 :
CujAu(ordered), 0.37 . 4£-3d Cu/7i-6h Au 0.40740.022 ' 0.42740.023 . : R 0.95 £0.05
CujAu(unordered) : ) . 0.670£0.065 0.70240.068 0.31 40,03 0.46 20,03 s
3CurAu } . : 4£-3d Cu/7i-6h Au 0.44220,027 _
: . : © 0.72620.074

0.31

+0.03 0.46 %0.03

a.” Effective charge parameter, defined in text.

b. The ratio of the iritensity of the two listed transltxon lines.

c. Transition line yield in the first element of column 4 deéfined as number of X-rays per stopped pmn.'
-d. Transition line yield in the second element of column 4 defined as number of X-rys per stopped pion.
e. Ratio of the mtens:ty ratios of columns 5 and 6.
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®1 5 4 F

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





