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%pstfact

Several batches of piates 1oadédAWi£h graﬁyl!aogtéte have been exposed fo
1~ mesons in the Berkeley cyclotroﬁ. ihe ﬁ§s§ﬁ$ %er§ generated by the 380 Mevw
‘proton beam striking a carﬁon target and the‘plates wefe shielded from the diréqt
beam, or positive parficles generated at %ﬁe‘target, by severai inches Of
COPPer. They received negative mesons over a wide range of energies. About
_one in a hundred of the mesons observed to end in -these plateé, ended in a
characteristic fission eﬁent, Twenty=-two such fissions were observéd;"This was
in rough qualitation agreement with What'might be expected if it is assumed that
the cgpturé of & negative m meson by the uranium nucleus always prdduces fission.
Three of thése'events shoWed 3 way fission, a light ?article coming off at-

about 90° to the tracks of the heavy fission fragments,
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MESON INDUCED FISSION
' Sue'Gray'AiLSalam
- Radistion Laboratory, University of California

Berkeley, California

I. Introduction

The capture of negative n mesons in»nuclei is well ﬁn&éféﬁood_in a

qualltatlve senoc. Ibe'n':is captﬁred on a single proton leading to ‘a neutron
anu 140 lev §x01tat10n energy. . In accprdance with the concervation lawe the.
energy of the primary process can become available to a heavy particle only
in the‘nresenée of at least an additional nucleon, .On the basis of various models1
'the Drobablllty can be calculated that either the neutrons of the prlmary process
or the "recoil nucleon" will escape the nucleus. This w;ll lead to two experi-
“mental conSeQuénCes:. 1, There wiil be mdfe than the statisﬁically expécted
number of single high enefgy”fragmen£S’in.a'stéf initiatédxby é.G:“(n') meson,
2, The eiCitation'energy-cofre Oondlng to the number of star frpgments ohs erved
is less than 140 Mevs it is, in fect not more than 100 Mev., These inferencés
agree Wwith experimental obsérVation,z

| n"capture in Uzsa‘éan shed some additional light on the qualitatiﬁé correct=
nesé-of'the aBove description. Since fhe eicibatidn'énérgy 6f'£he residﬁai nucleus,
even after initial loss of avféStjﬁarti¢1e is sbove the fission fhreshbld one
would expect fisSion to accompany eséentially 21l cases of n” caoture in U?EB
Th1s should behave liké ordinary "fast” fission$ one mlvht expect a 1argp frequency
of single fast particles accomﬁanylng the fission event, these Woula derlve from
the primary capture event., This paper deals with a study of this pfocéss.

The work renported here Was'intefrupéed before ité nofmal completibﬁ,. Reéults

given are thus often incomnlete ahd beiousﬂimﬁrovements or exﬁensions of method

will Suggest themselves to the reader. The work is reported here at this time
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since 1) the results are sufficient to indicate the qualitative correctness of
the capture process as outlined above, and 2) the techniques used here might

be of more general interest,

11,  Experimental Séet=up.

Mesons were produced in the’internal target of the'184-ihdh'cycibtr0ﬁ at
Herkeley in the usual-way,3 The mesons were allowed to fall uponHZOO)u'ﬁucléér
plates previously treated with uranyl acetate. No éhaﬁnelihg or“spécific eﬁefgy
selection of the mesons was usgd. The plates were exposed in stacks at 12% from

the primary térget.

II1. Plate Loading Technique,

The technique of uranium sosked plateé for the study of fission (especially
when accompanied by alpha emission) has been previously used by Tsien San-Tsiang

and'coworlcers,4 Wellan, Mosk gnd Sawyer,5 Green and Livesey,G

and recently by
Leonsa MarShall.7 E. Brodas‘has studied the(effects of time, temperature, conuf‘
centration,on s and presence of other ions én the uptake\of the uranyl ion. This
is aﬁ adsorption pfocess; so that the emulsion acquires a higher concentration

~of uranium than the solution ip which it is soaked. -None of theseﬁinvestigatqrs
required or wanted sensitivity to such lowly ionizing particles asffast mesons,

The loading of photographic plates is generally discussed.in.Yagoda‘s»bggk.g

One must choose a soluble compound éuch that neither the anion or cation will

have undesirable effecfs on‘the gelatiﬁ or the phdtographic,sensitivity, ,Chlorides
cause sweliing and reticulation of the emulsion. 'Whrmth% humidity,ladjerse_caH,
and oxidizing agents su@h as nitrates'wili'invtime wipe out tracks that have

been formed inba\photqgraphic emulsion, presumably by oxidatign.of the latgnt

'_ image. The time factor is ignored by too many wtitérs when speaking”o?;“limits"

of concentration, or the "impossibility" of loading with certain compounds., Thus
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a plate which had been soaked in a 10 percent solution of lead acetate) exposed,
and developed the next day was completely cleari but a plate sosked in a 20 percent
solution, exposed, and developed within a few hours, showed good"meson.tracks°

Of course, with-this lead concentration itvis necessary to remove the.lead before
developing, or the plate is rendered'white*and opaque by lead hydroxide,

These plates were loaded by soaking in a saturated solution (about gm/100 cc)

of uranyl acetate for 15 =~ 2vainutes after a presosk in distilleduwater, since
-wet plates were found to take up the uranyl ion faster than dry, The'plates were
then rinsed in water, and ih'95'peroenf ethyl alcohol, and dried in warm‘air.for
aoout one~half hour. They were wrapped in black-papef, exposed, and then developed
as soon as practical, to prevent undue accumulation of the uranium alpha tracks

and desehsitization. Later batches of plates wére rinsed 5 - 10 minutes with .
dilﬁte'acetic acid and water before.oeveloping,’sinoe'some batches did not develop
well except on the surface of the emulsion, end it was believed that the.uranyl
acefaﬁe might be interfering. The developer used was a 6‘1 dilution of D19, and
.the time of development varled from 25 to 40 mlnutes dependlng on the type of
| emulsmn (the thlckness used was usually 200 )1) |

The 1oad1ng process does have a desen51tlzlng actlon on the emulslon making

it necessary‘to use a more seositive emulsion than mightlotherwise be chosen.v
.Kodak NTB plaes were found to be.very esefulgltheyvheve a lOW'backgroond graiﬁ
density, and for some unknown reasoﬁ the:alphas and fissions haee a ehardcterisﬁicaliy
different appearance; whlch is not true in the Ilford plates of correspondlng
_sen51t1v1ty, C3 Later, electron seéensitive anu1s1ons, (Kodak NTB=3 and Ixford G=5)

were used to avoid the possibility of missing any associated events.

IV, Technigue of Observation, .

The'pletes were scanned for mesons, rather than  for fissions as first planned,

because on most plates sensitive enough to show mesons well, alphas and fissions
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are not well distinguished, and the plates aré full of uranium alpha tracks of -
a length (about\20)1511the dry plate).cdmparable.fo the 25 p overall length of
the fission trackz. The more intefesting or photogenic of the fissions were -
photographed by A, J, Oliver. (A fission is_phétogenic when it lies out. flat
- o the plate rather than‘standinngh end}) See.Figure 1. |

The task of counting all the mesons in a giﬁen area of a nuclear plate is
not too simple. An inexperienced observer (the case here), using low power
magnificatioﬁ for speed, can pick up mbst_of the starforming mesons;Abué may miss
’non—starformers, or mistake a stréggling protoh for one, or not notice a single
high energy star prong, or be.unable to %ell whether a meson track ends at the
surface or outside the emulsion., Half of the meéons questionable for this last
reason were counted. To avoid counting the same meson twice, it was necessary
not to overlap on successive sweeps of the plate, or else record position.and

number of star prongs and thus weed out repetitions,

V. Determination of Uranium Conceﬁtratioﬁ;

A reticule was placed in the eyepiede which marked out a séﬁare 63.5 x 63.5)u
on the plate (total diameter of field being ébout ISO‘pJ. Alphas were counted
from top to bottom of the:emulsion, és long as over half'thé track iay in'fhe
gquare., Ihe alpha tracks Were.recognizable by their cha;actefisfic_denéity
and length, although there was'gariation in both accé?ding as ‘the fréck was forﬁed
when the plate wﬁs wet or dry. Also alphas that dived steeply ap?éaréd shértef
apd heavier and were difficult to distinguish: these were cerfainly ndf over 10.
percent, | i |

The thickness of thé emulsion was assumed‘fo be uﬁiformly ZOC)u;

The largest uncertainty so far as the determination of fhe amount qf uranium
in the plate is probably the time element., The time of soaking the plaﬁes:in the

uranium solution (15 - 20 minutes) and the time of development and washing
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(35 = 50 minutes) are relatively large compared to the total time during which
alphas are being formed (2 = 4 hours).’ In some cases the plates were washed with
jdilute-acetic and‘water\before.developing;in}an.attempt to‘rgmoveﬂthgmuranylw”..””v

_ acetate,'whlch was belleved to 1nterfere Wlth developlng. How effective +hls
procedure was. is not: knowﬁ, e#cept that. Broda®. (using. 25)1 anu1s1ons) slaimed

© it was very effectlve. In these cases development time was not counted as effective
t;me for_formafion of alphas. In o?hervcase it;waskinépaking time in uranyliacetétei
vwés~counted_because fhe uptak; is at first rapid, dropping off e%pbnenfiallv.wiﬁhv
tiﬁé.? .ﬁéshing iiﬁéJaffer aevélépﬁ§££ Wg;fﬁ$f édﬁntéd: it;ié §5 sﬁa11 ( O mlnutes)

as to make little difference,

As the~firﬁureS‘standw (Téble 1) 4 -.8 x.10§~al§has/cm5/hourwco respond. To.
4« 8 % 105 ;y', S . ‘f o o
5.0 % 10 = ,045 - .09 gm U/%m o -However, since ‘The counts for the las® _batches

of plateo, on wnﬂch most of the flS@lons were found run b;twéen 4 and 5 bid *06
' aLphqs/bmS/hou;, we shall teke 4.5 as a convenlent figure ‘giving . d“ gn u*anL@n
. per cm3 emu131on, Wthh is over tw1ce the amount (about 0,02 gm/cms) in. +ne
saturated uranyl acetate solution.

Bastman Kééak data on the COmpositiénfof‘the NIB emﬁlsion waS“ﬁsedymtke-
composition of the .G-5 was npt:availableg'butfcomparisén gf the variationm In .-
different types of Kodak emulsioﬁs %Sﬁiaiﬁéke ;ﬁe think the difference not signifi-

cant, certaialy for the accuracy herea The den51ty of the dry emulsion is 3.64%,

; .08
Thus we have x sy 1.4 Dercent uranium by welght
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Table I - . . .

Finte | Type TAlphas | Volume® 1Aiphas | Time inm Wamutes — TTotal | Alphas
Counted| Searched per_cm3 Soak~[Hendl-{ 1st [Develop~-| 2nd. |eff.bime| per om
(em®) | kng |ing | TWash-|ing | Wash~| (hours) | per hour
R ing | - - | ing :
6392 | C-3 | 110 15.8x10"'¢7°ox1_06 15 | a5 | 20 | 25 |10 | 1.3z |5.3x10°
(oot ] T | | | -
6295 | C-3 | 142 | 7.9x107%|18x10° |em | am | -= | -- ce | 20543 |6.0-7.2
{con.) ' : S0 R N R | %108
g249 |w1B | 72 |8.1%x1076[8.9x108 |15 {160 | o | 25 - |10 | 3.33 |6.7x106
8251 | NTB 88 |8.1x10-6]11x10° |15 |i60 | o | 25 |10 | 3.35 [&.3x10°
loeza |g-5 | 146 |8.1x2078|18x10° |20 |200 | 18%| 20 |10 | 3.92 |4.6x10°
9235 | NTB 35 |3.2x107%|11x10%5 |20 |110 18%] 40 |11 | 2,42 [a,.5x10%
9666 [ G-5 | 95 |8.1x1076|11.7x10% |25 |150 | 10| 30 10 -| 3,08 |3.8x10°
9868 | G-5 | 270 |23.5x10°%|11.5x10% )25 |150 10 | 30 |10 | 3.08 |3.7x10°
9s76 |G-5 | 113 | 7.3x1076 |15.5x10% [ 25 |150 | 10 | 30 - |10 .| Z.08 " | sx10°

Table of data yielding information as to the uranium content of seoaked plétes
exposed to mesons,

*Volume searched squals area of field of view (7.9 x 107° cm? for first two .plates and
4,04 x 10-° em? for the rest) times thickness.of emulsion times number of fields counted,

**ashed in dilute acetic acid as well as waker.




9 UCRL-1201

Tablie IT
Blement [Percent | Comparative Z Ratio | Comparstive Atomic Ratio
" by weight . 5 e e percent by .wt.

. r t by wts x4

_ percent by wt gv“~” = wt,
Ag 47,1 20,5 Al
I 1,49 Y .01
Br 3349 14.8 42
C 8.47 4,23 .708
H 1.17 ‘ 1.17 1.17
W 3,06 | 1,53 31
0 4,80 | 2.4 | .30
U 1.4 .54 .08

100 - - ff"»%5A79’ . i_ 4 g 3!26

Tabulation of Atomic Composition of Loaded Flates

 From Teble II, number of atoms of uranium per atom emulsion is about 1’

[y

in 6 ?)or loss if the emulsion has picked up water. But since the probability
of a meson being captﬁred by the nucleus is usually assumed to be propoftionai
to the charge,lo we find after ﬁeighting with Z that 1 in 85 mesons might be

expected to enter & uranium nucleus and possibly . initiate fission. Note that

the smount of water is no longer very important for this calculaticn,

Vi. Results-~0Ocourrence of Fission,

This observer found in the four successive batches of plates exposed in
the fall of 1949: 1 fission among 72 mesons, 3 fissions among 405 mesons,

fissions among 226 mesons, 4 fissions among 443 mesons, totaling 10 fissions

ng
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omong 1146 mesons. 28 percent of the 820 mesons whose téerminations were ds flnitelv

' ; v s s . - ‘ 293
recerded were non-starformers. This is the correct psrcentage for n™ mesons alone, 23

but lowigcnsiderihg a possible loﬁpercent‘P“ mesons, ﬁowever}_a }ew'mesoné with
questionabie”terménationg,‘Qmitted in this percentage calculation, were probably
mostljhon-starf‘r;;r"‘.ﬂi'éIl“s‘.‘'~

A second obs érv*r found 8Ifissions émong 915 mesons in the last (and best)
batch of plates, sand noted 40 percent of 590 mesons as ncamstarfcrmeré? 4 cother
fissions were found by two other cbservers in the second énd third batches of
plates.

This amounts to abocut 1 of every lOO observed mesons causing fission, which,

congidering the large un certalntles snd the preuence of f as well as %~ mesons,

po
wn

quite compatible with the assumption that all of 1™ mesons entering uranium

nuclel (calcu*aued as 1 in 85 5) cause fission,

VII., Results--Characteristics of HMeson Induced Fission.

3

Table III shows that the fission fragment tracks tended to be quite gymmetrie

cal, in agreement with cbservations of fission of U?Ocj as against the unsymmetrical

Fies

l‘J'

Ka_of U255,:and of the length sxpected,

As te the reliability of the measurements, flat measurements can fairly readily
bevmade m;ch'a well callbrateu reticule in the eyepicce to within a micron,'ﬁut
measursmepts in_@e,th depend upon the calibration of the fine adjustment screw

on the microscope, the originallané'finél thiékness of the emulsion, aﬁd‘the uﬁiu

formity of shri ZOO‘P emulsion will shrink to aboubt 8% ju when processed,

emulsion which may even cause it to peel away {rom the

glide. If aked in diluted glycerin +hey shrink less, but the
thlnkage is unpredictabls and the emulsion thickness will chenge with time. Thus

the depth of a-track as measured with the microscope is multiplied by the ratic
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© ] ]
Table III
. Daba on Figsions
| “_ [Projected. |
Date of | Plats [Flat |Depth |Total -|[Rempe Ratio| Remarks
Exposure Length|Length|Length |of Fission '
' ' : Fragments”
Aug. 28] 7968 (1821 13%3 22%2 1.1
sept. 11| 8245 |20.521|17#2 [26.5%2(1.0
Sépt. 11 9 24 25,5%712%7 Dives very steeply. Leﬁgth
and ratio unreliable,
Sept. 11 8250 |26 3 2621 .|1.2
Sept. 11} 8251 |25.5 7 25,5 .|1.0
Sept. 11 8252 [17.5 |23 29 1.1 Bmergent alpha or:proton at
K right angles., . o
Oct, 24 ) 9224 |25 10 26 ¥.25
Cct..24 | 6225 | 6 10 12 e Measurements of 1 prongj other
__ went out bottom, : ‘
Get, 24 | 9231 123.5 6 24 1.1
Oct. 24 | 9235 {16 4 16.5 - One end out top.
Dec. 11| 9866 |25 4 25 1,25
Dec, 11§ 9866 |18 17 25 - 1.25 Alpha or-proton emerges at
about 80°,
Dec, 11 ] 9886 |26 1~2 25 1.2
Dec, 11| 9656 | 6 33(26) few - Dives sharply and one end out
' : bottom.Also emulsion thinner
at this point than in 3 places
above making corrected length
longe
Dec, 11} 9885 |25 14.5 28,5 {l.4
Dec, 11 ¢ 9868 27.2 Alpha or roton emerges P
' ingly at different spot from -
.meson entrance, Meson probably
coincides with part of fissiom
track
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Table III (cont.)

‘Data on Fisgsions

_ - _i|Projected :| ; i f
Depth |Total Rénge Ratio . Remarks . :
length length| of Fission |

Fragments
A
\ *';*
Dea, 11 | 2873 (24 7 25 1.0
CE0. 11| 9873 |28 3.7 z8 1.0 _
Jen, 1119876 {18 14 23 1.4
LDece 1119878 Jil 19.5 2245 z ‘Length and ratio dubious
' because track dives steeply.
lece 11 | 82876 |22.8 11 25 41.6 . JIrack quite curved, perhaps

emulsion distorted,

Dec. 11| 9876 [25.5 |12.56 28.5 [1.3

<

baged on a standard ratio of 2.4 without measuring emulsion

These figdres
thickuess, thus perhaps high,

On this last plate was also found a very interesting event which is the

subject of andther paper ..l

of 2 jl (assumed orlvlnal thl kness) to the measured thickness at that point
(which arled from 70 to 1“0))) ?his assume;'not only original thickress of
200 p, but zlso uniform depth shrihkage.

It might aléavoe noﬁed that when the emulsion is wet the density (usuaily

3=1/2 = 4) is considerably lowersd end the tracks fainter and longer. This

. - : 3 . . - -
was consplcucus in the case of the uranium alphas which were often dbout 1i/4

o

longer than the ZO‘p.eXpectedﬁ ut, of course, if the plates were even falrliy

not be operated, However, the moisture content on

dentified as fissions were in no way similar to usual meson

stars. In this study no other stars wers seen with 2 heavy prongs at 1809
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sbout one was seen with one heavy and bne light prong ab 180°, ' The only possible
cause of confusion were two cases of one prong stars in which the meson track
hanpened.to lie over part of the one heavy prong, but this could be resolved

with the oil immersion lens.

Three of these events showed a particle'emerging'at.about 90° to the fission
track, In two of these cases it was Quite clear that the new particle emerged
when the meson entered the fissiong in the third césé thére seemed to be a
short separation, but observation under high power made it seem probable'that.
the meson track simply coincided with ‘the fission track along this distance.

The track vas a light straight track, clearly a high enérgy alpha o protoh
which left the emulsion without.ending, of scatlering ép@reciably, One left
after 200 F.correspbnding to a protoh of better than 5'Mev'enefgy or an alpha

of better than 285 Mev. This proton energ& is far above that which could be
céused by a knock-on, and the alpha energy higher than that found by L. Marshall
for thermal U235 fission.7 The freguency of fhis occurrence (1 in 7)vis high

compared to the frequency of alpha particle emission in thermal fission (1 in 250).

VIIY¥., Discussion,

Despite the meager statistics obtained, these results confirm the prediction

7238

that n~ cepture in leads to fission in a large fraction of the cases. Also

the occurrence of fast tracks in éxcess of those observéd in neutron induced
fission7.is probébly the phenomenon identical to the excess fast single tracks
in 7" stars. Both these facts agree with the capturé ﬁechénism of Tarﬁoro1
Another fact of interest is the result that the energy of the fission fragments
is the same as that in ordinary fission, despite thé grgéter excitation, These
results are in agreement with the results of Jungerman and Wrightz on the energy

release in fission induced by 90 Mev neutrons. Both their work and the data

reported here confirm the idea that the fission fragment energy is derived from
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electrostatic forces alone an

o
Tpds
o]

independent of the excitation of the primary -

It would als6 be interesting To expose plates loaded with other heavy

glements to 7™ mesons. Thorium and lead are practicable, but I did not succeed

in loading plates with thorium. MNesons were counted in plates heavily loaded

with lead, 2nd no fiesions were found where 2 - 5 might have been expected, if

211 w17 mescons ceptursd in lead produced fission, This-is not unressonable, since
the fission yield in lead could be quite low owing to the high excitation required,

I wish to exvpress my thanks to Dr. W. K, H. Panofsky for suggesting and

RN
o3

supervising the work, Dr. C. Richman for a suggestion as to method, Dr, H. Bradner

of the facilities of the. film group, end for aid in exposing the plates,

b

or the us

6]

and to Miss Jocelym Willat who spent many hours scenning the plates, and discovered
& of the fissions observed,

This work was performed under the auspices of the Atomic Energy Commissicn,
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Figure Captions

_Figuhe.l a. Meson Induced FlSSlonS in Uranyl Acetate Load G~5 E)nuls:Lon°
(Mostly Plate 9876) - . R .

Figure 1 b.. Meson Induced FlSSlon with Third Particle. (Plate 9868)
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