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I. INTRODUCTION 

As far back as 1974, in Dubna, the new 
phenomenon of the excitation of high-spin 
nuclear states/1/ was discovered while 
studying the capture of stopped negative 
pi on s by Ph and Bi he a v y n u c 1 e i . 

Further investigations have shown/2-6 / 
that the high production rate of high-spin 
metastable states appears also in the case 
of pion capture by Bg , Au , Pt and 'fa nuclei. 

These investigations have ~hown that as 
a result of negative pion capture very neut
ron-deficient isotopes are produced, i.e., 
there is a large multiplicity (up to 16) of 
emitted nucleons. 

The present experiment is a cont~nuation 

of the series of our investigations. 

II. EXPERIMENTAL PROCEDURE 

II.l. Irradiations 

The experiments have been performed at 
the Dubna synchrocyclotron. Figure 1 shows 
the lay-out of the bio-medical beam where 
irradiations took place. The 670 MeV exter
nal proton beam of the intensity of 1.5x1Ql2 
particles per second is focused to the pion 
production target made of cooper. rr--mesons 
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Fig. 1. Simplified scheme of the bio-medi
cal pion beam. 

of about 30 MeV were transported to the 
target station by means of a large accep
tance solenoid magnetic coil. In this ar
rangement a stopping density for H 2 0 of 
2xl0 4 pions per gramme and second has been 
reached/7/. 

The targets were prepared as metallic 
plates about l g/cm 2 thick and about 50 cm 2 

4 

area, in the case of mercury H2 0powder was 
pressed into a thin-walled plastic capsule 
having the same dimensions. 

The targets were wrapped with a layer 
of l mm Gd foil in order to suppress reac
tions induced by slow neutrons. The irra
diation time was chosen to correspond to 
half-lives of product nuclei expected. 

II.2. Measurement and Spectra Evaluation 

After irradiations the targets were 
transported to the measurement room. No 
chemical separation was carried out. There
fore, the full product nuclei spectrum 
could be studied and decayes as short as 
l minute were registered. 

The spectra were measured with a Gc(Li) -de
tector spectrometer. For each target a few 
series of successive spectra were recorded 
and stored on the magnetic disk of the 
HP-2116 computer. In the course of the ex
periment a fast preliminary analysis of the 
spectra was performed/a/. After the experi
ment the spectra were recorded on the magne
tic tape and the final analyses was perfor
med using the BESM-6 computer with the help 
of the SIMP computer code/9 /. Figure 2 shows 
typical spectra for the studied targets. For 
the identification of the reaction products 
the energies of gamma-rays and their known 
intensity ratios were used/10/. In some cases 
the assignment was verified by the decay 
period of they-activity in the successive 
spectra (see Fig. 3). The y-ray intensities 
must be corrected for self-absorption in 
a thick target. A Monte Carlo programme was 
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Fig. 2. Typical gamma-ray spectra from the pion irradiated Hg, 
Au and Pt targets. 
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used for the calculation of gamma-ray ab
sorption in the true experime~tal geometry 
of the target and the detector crystal. The 
width of the rr--stop distribution and the 
beam profile, earlier determined with nuc
lear emulsions /11/, has lead to an approximate 
uniform activity distribution over the tar
get. The gamma-ray absorption cross sections 
from ref ./12/ have been used in the calcula
tions. The self-absorption coefficients 
determined in this manner could be experi
mentally proved by using the yields of l82Ta 

and 199 Pt which are produced by the (n, y) 

reaction. Figure 4 shows the good agreement 
of the experimental yield with the calcula
ted self-absorption coefficients. 

III. EXPERIMENTAL RESULTS 

III .1. Hg+ rr_-_ 

Table 1 summarizes the identified isoto
pes of Au , Pt and Ir prod u c e d in the bombard
ment of a natural Hg -target (A"'- 201>wi th ne
gative pions. A broad mass range is covered 
by the observed isotopes, that means a large 
number of nucleons (up to 16) is carried 
away following "--absorption. The light Pt
and Ir -isotopes with A= 185 ... 189 are pro
duced in the decay of the corresponding Au 
isotopes formed in the Hg(rr-;xn)reaction. This 
was confirmed by the registered time beha
viour of the related gamma-ray intensities. 

On the other hand, the decay of the high 
spin isomer 190mlr was recorded. This isomer 
cannot be populated in the beta-decay of 
190 Pt.An identical situation is observed for 

194
m Ir ( Ey = 328.6 keV). In the gamma-ray 
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Table 1 !sotopes(isomers) produced in the Hg +T{ reaction 

Au Pt Ir 

T1!? J11 E,.(keV) r1n Jll E,.(keV) T1J2 Jll E,.(keV) 

2 3 4 5 6 7 8 9 10 

l 48m f 367.9 1225.5 lSh o+ not observed 
19h 12- 120.3 133.2 137.3 144.6 2559 

332.8 368.0 497.8 579.3 759.5 

3.1d 3d 158.4 208.2 31m ~/2-
I 14s 13/t 

not observed 

I 
I 

2.7d 2- 411.8 675.9 - o+ 50s ? not observed 
2.3d 12- 97.2 180.3 2041 2149 333.8 

.... 3/t 18h 1/i not observed 7m ? not observed 
7s 1112"" not observed 80m 1312+ 346.6 

6.2d 2- 3310 355 7. 426.0 668 7 "" 0+ J 52 s (0 1f } not observed 
9.7h 12- 137 7 147.7 168.3 1749 114h (11) 

188 2 264 0 285.5 316.2 

05y 3/t· not observed "" 11i 2.5h 3/t } not observed 
30s 11/2- 1-i.ti 3f7 not observed 3.8h 11112-

39h 1- 293.5 3285 5289 6221 00 o+ 19h f 328.6 
6453 9484 O.Sy (11) 

18h 3f2~ I 112.5 1735 186 2 2556 268.2150 Y 1/T} not observed <><:> 3f2+ 
4s 11f2 not observed 43d 3f2+1 : 12d 11f2- not observed 

I I 
- 11 5h ,- 2959 3085 316.5 46E C ::82.6 "'" 

o+ I : 74d 
1593.3 604.3 612.4 7591 878 7 I i 14m ~· I not observed 

10615 1122.7 1126.9 1140.2 1422.9 07y 9+ J 
15767 1723.1 

l I ----

Table 1 (cort1nued) 

2 3 4 5 6 7 I a 9 10 
! 

3ft 3.2h 3f2- 1361 194.1 2444 2779 2840 28d 11fi not observed I"" 386.9 3904 399 6 408 3 4215 
I 4 788 4875 525.9 5864 620.3 I 

674.2 702.0 732.5 I I 

1s 1112- not observed I I 5s 11f2 not observed 

42m ,- 296.0 302 0 5979 6055 616.4 - 1 ct '11d 4+ ~ not observed : 1 2h 7+ 
I 132h 11 - 186 7 3612 502 5 6167 1 

I 
28m 3f2+ 166.6 21'59 440.0 11 h 3/f 1412 2036 223 3 243 5 l13d 3ft not observed 

I.Sm 1112- not observed 300.5 317 7 5449 568 9 
6076 6271 7214 7927 

I . 

em ? not observed 10 d c• not observed 41 h : not observed 

I 3h ? 11064 1'79:: 
I I + 

187 4 400 8 4271 8m ? not observed 111 h 13/2 
I 501 5 9771. 1112 0 
I 

,16h I I 
12m ? not observed 3h 1 

0+ 6892 5 137;: 2967434 0 530 3 
jm 2- 635 2 7673 7731 

} l2h: ? 

1 
I 

10071195 153 6 158 3 6.8m ? not observed not observed 14 h ? 

4.2m ? 33m ? 222 3 ;:a e 2544 

i i 
300 I. 539 4 



spectrum a few rather intense lines with 
half-lives from l to 4 hours and the ener-
giesE=374.l, 7 09. 2, 819.6, 1569.3, 1714.9, 
1827.9, 1920.6 and 2270.9 keV could not be r-

<D 

assigned. It is possible that they stem t u u u 
1:l 

w 
Qj Qj Qj -a U'1 -a .. > > Q) 

'" "' from the decay of unknown isomeric states. > C) 
~ :;; ~ c: > ~ > 

Qj ~ '" '" Qj ~ 

"' 
~ 

' 
"' "' "' "' 

Qj '" Because of lack of absolute -"' .0 .0 .0 .0 "' "' "' the data on -~ 0 0 0 0 n 
«i .0 

Ill 0 0 

0 liJ 0 0 0 0 
...., 

intensities for the y-transitions of 0 ~ 0 many c: c: c: c: c: 
~ 

c: 
neutron-deficient platinum and iridium 

F-, 0> It::' C'· •a +01~ I~ IN • lo IN IN •a isotopes it is impossible to construct the (") m;:;; C) 
~ Mm 

N E .c ::i.e E isotopic yield curve has been done in ~110 

"' 
>. ;:;:, & ~ ~ i~ g as I-

I.D I.D 
~~ 

en 
0> 

ref./1/ for Tl - i s o t o p e s . 
However, in cases where the absolute <-

-a u -a -a -a -a 
u;j 

c: '" QJ 

'" .. 
"' 1:l u; -a -a intensities of gamma-tr~nsitions estab- > > > "' Qj "' are 0 > > > '" ~ ~ ~ ~ ~ lP > > > r- Qj Qj ~ ~ Q) "' 

L 
~ L 

lished, make conclusions u 
Qj "' "' <XJ "' "' "' 

.. Ql N QJ QJ one can some con- a 
-" .0 .0 N _o .a _() VI "' 0 "' "' "' 0 0 (Y) 0 0 .g .o on Ll .0 ,_ 
'-1, 0 cerning the probabilities of different .... 0 N 0 0 re- II= 

...... liJ 0 0 0 0 0 0 - lD c: c: c: c: c: 0 ...., 0 ~ action channels. To get some knowledge + c c: ~ c: c: 
:l r-

about the dependence of residual nuclear 
<( co r--. .----------. .---- ~ 
Qj 

1=-, ' ~-B- ·~~~ +~·£::::' '.....:tt- tn +~'~ spin .£ tD I t. t-1:= +"' I on the number of emitted neutrons, - C)~ ~ ~ ;:;; "' (")~ M;= ...,:= 

A=l96, " !::' "'.£ 
.£-<: 

-"' >. -aE>-isomeric ratios for Au isotopes with -
'"""' ~ ~ g ~ _c.£ 1:l .c ..,::-u-> N-4 
N..j mLI1 t!~b 1:l "'"' ~ -a L() ~ ~o :::~M ~ 198 and 2 00 were determined. They are given QJ 

u 
:l 

in Table 2 together with the energies of -a "' 0 <d 
~ lO 

gamma-transitions which have been used for "- -a 
"i 

Lf) 
Qj m<X> 1:l 

~ > > ~ -..if(; Qj this purpose. As can be seen, the 111 = 12- Qj > "' 
... 

"-4 > 
E Ill .. en on~ ~ .. .0 Ill .. 

isomers strongly pop.ula ted the Hg(11-,xn) 0 -" -4 0 .0 <d r--r- Ul were ln U1 
~ 

0 M r-'N _() 
U1 ~"' 0 

reaction isomeric "' a: liJ ~ - Mt-and the ratio grows with 0 -Qj c c: l{) .... 0 "- M.-' c: 
increasing the number of emitted neutrons. 0 .... "' - N t-0 

II\ (Y)I.D ..... . r-
-.to 

M r--. O>o.o 

Table 2 
Qj "'• (") 

•a I +N 
•a IN~ b I~ +CJ IN + ::0 "'- a 

a ;::t2 ;::::~ ;:;; 
Isomeric ratios of the Hg( 11-, xn>Aureaction 1-- c: ,.;o ">-""""' 2 ~~ 8 CJC"J 8 -a CJ .£ -a 

U1-4 M u;j := ~ 

Isotopes E(keV) <( lO U1 -4 M "' !!! 
CJ m .., 

,1 
~ 

!21 !21 !21 !21 !21 !21 co 
~ a /a ~ 

m g 
g m 

200 Au 0.16 ± 0. 05 1225.5 579.3 
1 J 

198 Au 0.20 ± 0. 05 411.8 214.9 
196 Au 0.35 ± 0. 07 355.7 147.7 
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II I. 2. Au + rr 

Pt 
' 

Ir and Os isotopes identified after 
irradiating an Au target with negative pions 
are summarized in Table 3 0 In the spectrum 
there are intense gamma-transitions ( E= u 

411.8, 675.9, 1087.7 keV) from 198 Au which Q) = > 
L- ~ 

excited by the(n,y) reaction owing to the 521 
Ql -'~ are Ill coo D "':= 0 

large integral for neutron 0 ~N resonance cap-
c ;::!~ ture ( I r = 1558 barn). The observed mass 

a> I '"' •a ·~ •a ·r::·~ distribution shows that up to 14 nucleons 
Ol-

emitted in the pion absorption u .c:.c: I are process. g ~ g 
"'"' The isotopes of Ir and Os with A= 189 

en -m are 
CJ 

most likely the beta-decay products of Pt--•,., U"l ;;; ~ 
CJ ,.._ co 

The 190 Ir and 194 Ir isotopes, 
-.-- "' isotopes. however, 
CJa:o <D 

,.._ 
U"lm <D 
----> <0 <0 CJ 

in 
,.._,.._ 

~ 
~ Ol cannot be produced the beta-decay, they NN M .., 

r-1 '-'a> ~ ~ r-: therefore products of the primary pion "'a::o ,.._ - ,.._ .., are 
8~ c.oMw ID 

(see, IV). 
a> I'-m N 

induced reaction Section "'"' Nl'-N 
U"l ... CJ ... ... co NMN..--

" CJ 0 a:o 
~'-d r-:c--r--r-- U"l NID N co- MWMCO N -a> N - tD ..--r--..-m 

'J ·;;; U1 '"' " " " Pt + rr -III.3. 
L .c: L .c: E I ~ w ~ ~ 

N co - M "' Table 4 presents the results of the Pt-
"' target irradiations. The major part of the 
-i co 
N 

Ir isotopes. co_. , , observed y -rays belongs to -... .. Ql 

:;;!Ill > > Again the number of emitted neutrons reaches CJ 
L- L-
Ql Ql 

CJM ~ Ul Ul 

15. In addition to Ir nuclei, Osisotopes s~ 
D -0 

-->I N 0 0 

~~ 
N CJ 0 0 with A=l82, 183 and 190 were registered. ,; 
co ~ c c , tD w They are daughter products of Ir -isotopes. Ql 

:J --teo on q 
!: t.D....t 

iD No gamma-ray pattern connected with one of oa iD c -M ---> 
0 the Re isotopes could be identified. For u b -;:;; M ('- •a ('- " the gamma-rays of the energies of 208.0, "' .c: E E D N .c: .c: 

~ CJ ,.._ 
3 08 0 2' 351.8, 569.0, 696.7, 822.1, 942.7 0 M M N 

I-

lD ~ and 1062.7 keV no assignment of known isoto-,.._ 
<D ---> 

~ ~ 
co <0 ~ ! could be made. Otherwise, it cannot be - - pes 

1 excluded that these lines belong to the 
decays of yet unknown isomers. On one case 
where the Pt target without the surrounding 
Gd layer was exposed to the beam numerous 
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.. 
en Table 4. Isotopes (isomers) produced 1n the Pt + 1!- react1on 

A 

196 
2 3 

52s (01,-
14h (1Q11) 

+ 

lr 

4 
not observed 

355 

195 2.3h 3/2 990 129.8 172.3 211.5 239.5 
2517 

Os 
E.( keV) 

5 6 7 

4.2h 1112- 319.8 359.0 3648 4270 432.8 6.5m ? not observed 

194 

193 

192 

191 

190 

169 

188 

19h ,-
OSy (10,11) 

- 3/2+ 
12d 11/2-

684.5 

328.5 
not observed 

not observed 

74ct 4- } 
1.4m 1+ 
0.7y 9+ 

not observed 

- 3/t 
5s !1112- not observed 

11d 4+ 186.7 4072 5184 5578 605.3 
12h 7+ no\ observed 
3.2h 11 186.7 361.2 502.5 616 4 

13ct 3d not observed 

1550 4780 6330 

6 y 0 + no\ obser vee! 

31 h 3/2- no\ observed 

not observed 

15d 9/i l not observed 
13h 3/2-

- o• 
99m 10- 186 7 3612 502.5 616 4 

... 3/2-

Sh 9/t not observed 

Re 

8 9 10 

16s ? not observed 

9.8m 0 not observed 

2 .. 8ml3,4-~ not observed 
2 8h ? 

i 
24h 15/2+ not observed 

-
17h 1 not observed 

..----------·--------·-· _..______,,.___ __ _ ----------------- --------------

Table 4 (continued) 

e-J_ ___ 2 3 4 5 6 7 8 9 10 

187 11h 3/l 1777 1874 314.2 323.1 400.9 1/2 
-

""" 5/2+ <>o 

427.1 4917 5015 610.9 725.7 
799.9 912.8 9774 987 3 

186 16h 5 1372 296.7 364.9 420.7 434.8 0<> o• - 8+ 
-

584.4 6221 6303 636.2 767.3 90 h 1 

773.1 841.3 933.2 10571 
1.7h 2- 137 2 296.7 630.3 773.1 

185 14h ? 158.2 254.1 94d 1/2- not observed ~ 5Jt 

184 3.Zh ? 120.0 2637 3906 9604 00 o+ . 38d 3- If not 
i 0.4y a• observed 

183 58m ? 228.5 2823 12 h 19/2+ 114.4 16"3 236 2 381B 71 d 5/2T not observe:J 
9.9h j112- 11C2 1108 

182 15m (3) 1271 273.2 22 h I o+ 180 2 510.2 64h 6,7+ not observed 

I 
13h t· 

.. 

...... 



gamma-transitions from the odd Ptisotopes 
produced via the (n,y) reactioq were recor
d e d : 1 9 1 Pt ( 5 3 8 . 8 k e V ) , 1 9 3 Pt ( l 3 5 . 5 k e V ) , 
1 9 5 Pt ( 9 9 k e V ) , 1 9 7 Pt ( l 91 . 7 , 3 4 6 . 5 k e V ) , 
199 Pt ( 18 5 . 5 , 191 . 7 , 219 . 4 , 2 4 6. 5 , 317 . 0 , 
323.5, 417.5, 467.0, ... keV). As has been 
mentioned earlier, the intensities of 
t he 1 9 9 Pt - t r an s i t i on s we r e • u s e d t o c he c k 
the calculated self-absorption coefficients. 
In the Pt ( 11--; xn) reaction the high spin is o
mers in 186Ir and 109 Ir with 1 77= n- are strongly 
populated. From the intensity ratio of the 
gamma-transitions in the 190mlr decay 
( Ty

2 
= 3.2 h, Ey 361.2 and 616.4 keV) and 

190g 1r ( Ty, = 12 d, E = 518.5 keV) the isome-
ric ratio am/ag=0.25 (5) was determined. 
Since the gamma-transition intensities for 
186Jr are uncertain, only an estimate of 

0.2 can be given in this case for the iso
meric ratio. 

IV. DISCUSSION 

IV.l. Emission of Charged Particles 

The emission of the charged particles 
( p,d and t ) following 11- -absorption is usu
ally studied empl~ying the direct registra
tion of these particles/1 3,14/. Since the main 
interest of these investigations was fo
cused on the possibility of 11--absorption 
by alpha-clusters in the nucleus, the regist
ration threshold was as high as 17 to 24 MeV 
(ref./13/ ) and 6 to 9 MeV (ref. /14/). The 
probability of charged particle emission may, 
for that reason, be higher than that repor
ted in/13,14/. The method presented in this 
paper based on the registration of residual 

18 

nuclei has essentially no threshold. This 
type of experiment may, therefore, be more 
sensitive to the determination of the pro
bability of charged particle emission fol
lowing 11--capture. 

Since the majority of the observed lSO

topes with Z-2 and Z-3 ( Z is the atomic 
number of the target nucleus) can be explai
ned as decay products from isotopes with 
Z-1, it is evident that the emission of 
charged particles is, in general, small 
compared with neutron emission. The small 
probabilities for charged particle emission 
measured by means of particle registration 
are therefore not caused by the experimen
tal threshc1ds used but may be explained 
in terms of the high Coulomb barrier in 
heavy nuclei and small absorption probabili
ties for pions by alpha-clusters and pp
pairs in comparison with np-pairs. 

However, in two cases the identified 
isotopes with Z-2and Z-3 can only be formed 
in negative pion absorption accompanied by 
the emission of single-charged particles 
( p' d, t). 

The 190 Ir and 194 Ir isotopes detected in the 
Au+ 11- runs cannot be produced via the {3-de
cay from Pt and Os,respectively, l90Pthas the 

.half-life of 6x10 11 years andl~Oscannot be 
reached in the 197Au+77-reaction. At present 
long-lived isomers in the even ~ -isotope 
which could undergo p-decay are not known, 
but the existence of such isomers with pro
bably high spin cannot be excluded~~ 

The emission of p,d and t particles can 
be understood as governed by the capture of 
the pion to alpha-clusters or pp-pairs 
in the 11- +a ... p3n, d2n, tn or pp+ 77- ... np 
reactions. 
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Our results allow one to point out the 
following features: 

- The yields of the neighbouring isoto
pes189Ptand190Ir from theAu+77-experiment with 
neutron and charged particle emission, res
pectively, are compared. The ratio Y1r/YPt = 
=1.2 (1) shows that despite the small total 
probability in single cases charged par
ticle emission can compete with neutron 
emlsslon. 

-The 1 77 =11-isomeric state population 
indicates also in the case ofl90Jr produced 
in the Au+77 - reaction that the ex c it at ion of 
high-spin states takes place not only in 
neutron emission alone but also in the 
charged particle one. The experimental facts 
emphasize the importance of direct processes 
for the formation of high-spin states. 

- The 190Ir and 194 Ir isotopes observed as 
products of the Hg+-77- reaction cannot be for
med in a series of radioactive decays from 
Z-1 or Z-2 nuclei. The reactions of (77-,axn) 
or(77~ppxn)type should occur to yield these 
nuclei. The emission of alpha-particles in 
pion absorption has been .earlier discus
sed /15/only for light nuclei. 

IV.2. Isomeric Ratios 

From the comparison of experimental iso
meric yields in the reactions of the known 
brought-in angular momentum and pion cap
ture, an estimate for the angular momentum 
of the nucleus remaining after pion absorp
tion can be made. Since the isomeric ratios 
in Au in the reactions Hg(rr-, xn) with 
a /a = 0. 35 and 192 0s( 11 B, a3n) a I a = 0. 36/16/ 

m g m g 
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are almost the same, the nucleus after pion 
absorption should acquire about the same 
amount of the angular momentum I =15n. The 
isomeric ratio for 190 Ir from the Pt(rr- ,xn) 
reaction a /a =0.25 (5) is one order of 

m g 1~ 
magnitude larger than that from the O~d.~)-
-reaction amlag= 0.025 where the deuteron 
brings. into the system about I = 51i. only /1 6/. 
This fact indicates that the product nuclei 
after pion absorption start their de-exci
tation path from the states with a suffici
ently high angular momentum. The earlier 
reported unusually high isomeric ratio for 
198 Tl in the Pb(rr-, xn) reaction of aja =5.0111 
can be interpreted as due to the mod~rate 
spin of 117 = 7+ for 198111J'l where most of the de
excitation paths may be trapped. 

The result presented in this paper con
firms again the intensive excitation of 
high spin states in product nuclei after 
rr--absorption. 

Recently reported measurements of Eber
sold et al./17/ are in good agreement with 
this conclusion. In these in-bean experi
ments after the irradiation of 175 Lu and 
165 Ho targets the rotational bands. of the 
even Yb-and Dy -isotopes could be followed 
up to the terms withl =12~Finally, one can 
see from Table 2 that for identical spin and 
parity of the isomeric states the isomeric 
ratio depends on the number of emitted 
neutrons. This dependence has been estab
lished by using a natural target, therefore, 
quantitativ~ conclusions cannot be made. 
The observed fact, however, evidences for 
a rather complex mechanism of forming the 
product nuclei angular momentum distribution 
in the pion absorption reaction. 
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