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'!~he results of the inver,tigatton of tritium pro

duction in dj.fferent elements at the proton energy 660 MeV 

· ~:are presented .. The excitation functions for the reactions ;~. 

of tritium production in aluminium and lead in the energy 

region 120-660 MeV are given .. The present res~arch has 

been unde1"taken to complete the data obtained· 01.nll-6I, h 

as.well as to find new features of this phenomenon. 

EXPERIMENTAL PROCEDURES 

The samples of metals (2 x 6 .. x 15):mm3 have been 

bombard.ed by the protons in the internal ~earn of the 

Joint Institute synchrocyclotron. For the >irradiation 

the samples were kept on the massive aluminium holder 

by, 4-6 pieces simultaneo·usly .. The proton beam traversed 

along the side of6~mmt The energy variation of the 

bon:i'bardi:ng:'Particles has been achieved by changing the 

working rad:l.us of the target position in the3 .. ·syn,chro

cfclotron. The samples were irradiated for 2..;.5 minutes, 

th~ intensity· of the in:ternal proton beam being 1011 -

12 10 protons) Si:~C,, 'The quantity of trit:tum 1:rFthe irra-

diated target was determined with the hAlp of a special·-· 
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withan electroheater which serves to separate·the hydro""'. 

gen-tritium:mixture from the ather gaseous reaction products; 

of a trap; With the acti,:vated cat_bon cooled by ·the liquid 

nitrogen ('the trap was used to create the pressur.e overfall 
i .. · 

when the'active gas.was passed through); of the Geiger coun-

ter in the lead shie1-d1ng). Besides,,the arrangement was 

supplied with several reservoirs -f.or hydrogen, pure argon, 

alcogol and by a reserve volume for diluting the highactive 

mixture •. 

The irradiated target was melted in the quartz tube 

(140cm{ in ·volume) in an.atmosphere of hydrogen* (50 mm Hg 

pressure). The melting lasted for l.5-2;hours at the tempera

ture 900-1050° C*.*. Under these conditions the isolation of 

tritium froin the,:sample is about 90%.-,The subsequent second melt ... 

ing under the above-mentioned.conditions yields 8-9%, whe-

reas the third melting giv.es 1-2% ·of all the tritium acti-

vity •. The specia'l check: of the recoil of ·the active mixture 

by the., activated car'bon,.;:ha.s shmvn ·that ·at the room temperature 

the carbon yields the· gas-practically completely .. 

.,.The vacuum arrangement makes·.it possible to pass inter 

~~---~--~----------~--
*The hydrogen used in. the experiments as a carrier 

was preliminarily passed through the palladium filter. 

*~·· The experiments were pe:rf armed With ·.the elements 
the melting temP,~ratu1~e of V!hich does not exceed 1100? t .. 
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the volume of the _counter ·from 0.057 up to 0 .. 1 -parts of the 

hydrogen-tritium mixture at the pressure of 1-6 mm Hg. 

0As,;·-a d-etector ·of si·, ~ ·--particles the glass cylinder counter 

with the o-oppe.r c'kthode was use·d the volume of it was 60 cm~ 

In addition to the-hydrogen-tritium mixture the counter was 

filled with the steams of alcogol at the pressure of 15 mm Hg 

and with argon at the pressure of 95-100 min Hg. Under the abo

ve-mentioned conditions the Geiger counter has th~ following 

characteristics: the counter has the ·plateau 100-150 v long, 

the incline of it does not exceed 10% for 100 v!'! the counter 

background is 80-100' counts mino The measured activities of 

ti-itiurii-'-tvere 1000-10000 counts min. The recording effecie!lCY 

o:f the ~ -particles from tri t1um disintegration was estimat:-

ed as about 90%. 

The aluminium .foil 20 microns thick in which .. the samples 
~· :•': .:.~:·r~•-, , 

du1·ing the irradiation were wrapped up served as a monitor of 

the proton beam.',"'The dependence o:f' the reaction A127 (p,Jpn)Na24 

upon the en'ergy of the incident .protons were taken from 17 ,al o 

,,. .... 
After ti:1e :Lrradiation the aluminium foil \Vas dissolved' in l ml 

HCl, then the :fall of the activity of 0.01 pal'·t,~'\,:f the solution 
. . 

was measured. The monitor activity''•was measured: Jri"t'~th\f(coti~ter 
~,1th the mica w:tndm\' J rng/cm2 thick .. The a.rfangemeµt ·detected 

18% of all the activity of the monitor target. 
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EXPERIMENTAL RESULTS 

· The cross sections fo1· tritium production in different 
·. · · • · · · · . I .. , · · · 1 .. · · . · . ~ 

elements 1,n the_ energy region 120-66.0 MeV. are given: in the 
' . ; .. 

Table. rh.~se. valµ~s are the average over ~ot _ less than. 
,,;,·. ,J 

_tp.ree determin~~io~s, e:.-:cept several magn;itudes of trit_ium 
' .. ; . .· ~ ., . 

__ P'.F_oductic:>n cr.oss s;ections in Mg, Sn, Au and J?i obtained_ in 
-: :.,: " !J.. ' .. 

- ~!ngle measurement. (See Tp.ble)" General inaccur,acy in .the 
,, -~- -'$' . .. 

· determination of every point is estimated within + J()l]G. 
·.:.:, -'~:,,:. . ~ ~ 

This magnitude is the doub_le l1alfwidth .. of the devia,.tion. 

curv~ .. from the mean experime,ntal val'-tes in all_ the ,.~xper1:: 
.... .; . . 

ments •. It was found to be close tc the Gauss d1striqution 

curve._ -
The cross sections for the tritium production; ( (1 HJ) 

1n aluminium and lead.at 120 MeY almost coinoide .. With the 
• • ,_ .. ., / 1_.J • •. ' • ~ ~ '•- • , ..• · . 

proton energy increase 9.11 heavy eleme.~~-~ the, appreciable .. _ 

. incre~se of CY HJ,,,is obser'lred. 1ft ."the enargy -region· J00-500 

Mev· th~ i:qQJ;"ease gf the tritium p~oduction cross section 1,G 
. ·- . ":.,:' .,,;i,. ~-- •,, "> ,. • ..... • • ~ 

slowing d~'YI}:?i h<?r(\_ev;q:r. '° a,f,~er 550 Me,V it ir1creases sharply. 

At t~e ene~_9J\,~of 6~9'. M_eV () HJ :1.11 l,~!9,d- and bismuth exceeds 

· ·almost tw_<:, t.1.TT!es the Jnagn:ttude .,of tbie _.c.;i;os.s. section; o;f, the 
{\~1: ~-·· ~ Ji~_.,.,.. ,.. ~~.. \ •.. .... \.,. •. , ..... ; . ; .,.J.. ~ •. ., 

pla. te.al;
1
_/J00--70.Q ~Ae_V) and r,::acheS lf)j{; of t~1.r, g~nrq;etrlc ~ross 

• .·... ,.: ;\.. • ,I, • - . , ~ 

section. The deocril-,.ed. . .deriendert.ce displays cl~a.rly :ln Pb 
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and B1·. Imalumintum-,·and magn_ezium this caependenoe 1.s:srn '; _:· · 

. : ·v_~ry ~ t!'.gtL_1:Jy:~_xfiff er en~. f;r Qm_ ~ h~ ii~~?-.:r ___ on.e. • . Tl,i:~" ~da. t~ ":!:.~; .:._-'. 
till lie between the points for lea.d'r.and · aluminium. c: 

In Fig. 2.'The depertdence 
·.'..~. 

cr' HJ has been -plott·ga ~ii~1h:st 
.-.~ ·. ·:·o .. 

at"ornic weight of the ·elements at 660 MeV. Exoi tation energy;-
• ' A A ...• 

of nuclei of diffi?rent elements at ··the energy of the-'bbm;;.;•,'i 1
\ 

· barding protons ·450. M~V is shown in the same Fig. by th~,<,: :) 
J r· "'T: 

dashed lines. ,., 

'l;, '. . , . ., f 

... :: .. 
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\ 

The material\,'..',. ,_,.Proton; energy .. . Average ;cross . "Number,.,:of 
of ;the target ,.· (MeV) l" • •• . ... •• .• • • section., .. , eJ.CperiJllents 

• • •• • .,,.. , ·"'. 4 , • ; ·., ., \ , , • '. > ·, • , :. '. ;i . ~ . ~ ... ..i '<\ .: ; ~ •· .. · .. 1 . ----------------------------------------------------------
Magnesium· ;,660 .\/ .·· . 4J: ±. lJ 2 t 
Aluminium 660 ·. - 46 .. + 14 

' :..:~ . "' .n;:17 . ·. ~- · .. •, ,,;,, ,.··. 

6 Copper 660" 7J ±. 22 
Zin.It·'. ;e .. • Vei 66'0 },::, . ~-.,,,.{~~... i .;.·. .. ,.. . ,· ... , 6i i~ 20 . 

7 
Argentum - ,.: · "1,, :, - ·, 

•••• > •• .. • • 660 "76 . 2J it; • .. · ± !. ,·.;-, 4 :;:,:; 

.. Cadmium 660 ... 95 + 28 J 
·:· -..i ~,-. .. ... . -

Tin 660 122 ± 37 J 
., 

~ >' ,:, ' Antimonium 660 88 + 26 2 
Gold 660 1J9 ± 41 l 
Lead 660 186 ± 56 11 
Bismuth 660 167 ±. 50 4 
Aluminium 600 44 ± lJ 2 
Tin 600 86 + 26 - 1 
Lead 600 157 ± 47 J 
Magnezium 550 26 ±. 8 2 
Aluminium 550 JJ :t 10 6 
Tin 550 69 ± 21 1 
Lead 550 87 :t 26 J 
Bismuth 550 75 ± 22 1 
Aluminium 500 J7 :t. 11 .5 
Magnezium 450 JO± 9 1 
Aluminium 450 24 ± 7 J 
Lead 

) 450 .91 :t 27 J 
Magnezium JOO 19 ± 6 2 
Aluminium JOO 25 ± 7 J 
Tin JOO JS±. 11 2 
Le4d JOO 7J ±: 22 . 

4 . 
Bismuth JOO 73 ± 22 1 
Aluminium 200 18 ±. .6 J 
Aluminium 120 16 :t 5 J 
Lead -' 120 17 i 5 J 
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.In this Figure., one can also see the cross sections obtained 

. expe:i'.imenta1:1y at \ihf3. sam.e':i.:energy or by::· 1n·tei:.pblating. th•ei.: ;: 

e~er-g'etic dep"e~d·ence curves.. The data; of -I l I ·a:l"e: ;g-iv·e1:1 tnere· 

too/· There is a gOod agr"eement •Of ·our data for:~.aluminiutn:~ • 

ah'd 'lead at 450 MeV wit'h .the· :those of I l I. The monotonotul .. , ~ 

increase of the cross• :sections with the /1:ncreasEf'~oft "A" is 

ch'.airac·teristic fol· ;Fig. 2. At th·e iiroton ener.gy 660 MeV 

the cross section of 10 HJ from aluminium· to bismuth chan-· 

ges;'approxima.tely;, three times whereas 11 A" changes appr,ox:tma-

· tely eight times. 

.. .. 

. ,- .,.., .... , .. 
THE·DISCUSSION 

-n 

It is of interest results how the cross sections l~r j. 

tritium prod~ction 'ar·; ,dependent upo~ the pr;6ton energy 

when passing into the region of higher energies. In Fig.J 
\ ·,. • • ~ • • ·" · .. , . / " ; l 

0

"' " • •. ' 1" • 

the data on tritium production in Al and'Pb.by high-veloci-
_._,. ."~ 

t·y ·particles a.re-:presented ~·These data were obtained in the 

present r~sear~1l and know~-~ :tt~~· lite~atur~ I 1 , 4 , 6 1 ~ The' ex-

perimental da.t_a taken from literature are given in Fii. ·:3 
. ~-

•,i,.• -· : .... •,:, ~),!+ 
in the form of open circles and squares. Th·e crosses deriote 

.. ,,., . 

the ·cross sections for tritium production in iron by the 
. . ' 

p~;~tb'~s with t'he-,e~ergy 0.1'6;' 1.0; J.o;' and 6 .. 2 B'evl 4 1 a~a.: 

in the energy range 50-170 Mevl 6 1. It can be se·~n"from the, 
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Fig. J that the observed increase of o ;HJ,on lead afte:r . 

55.0 -MeV~·~_goes; on .further., E'.o;i;; 2.05 B,eV: ,CJ HJ exceeds .the 

cro,ss,· :~e,ctio,n for tritium production i:n.,,,the_ enrgy range, .. · 

.300~500 ;,MeV- more than fiv:.e times and reaches 2~9& of.: ;t~he . geo- · . . 

·metric .o.ross sect-iop..~; I11 qase of al:umini~m, the magnitud,e- of 

O::yJ,:.,4oe~•:not.almost change up to l .. 05, .. ,BeV, .. ClnJ·Oil; irqn 

. grows Jllo,n.otonousl.y wi t;h the .protoff energy ~.ncreas.,e, .· 

,l)_µt t~e .. cury.e for Fe -. is closer to that .for A;t ,:tha.n,.,for Pb .. 

O~ly in the energy range 0.1-0.17 BeV (5 HJ in i~on,161 .are 

below the data for Al. Thus, one may observe with the proton 

energy increase relat:tvely grea,ter increase of the cross sect-

ions for tritium production on heavy elements than on light 

ones. 
-::1:: 

The curves plotted in Fig. J show th~ probability of triti-
,:4:·.. . . .' .. .:~ ... .... :';". -. 

um emission from Pb and Al, calculated according to evapo-
t ., . . --~~ 

rat;on theory in·the protqn energy interval 120-500 MeV~ 

The calc~lated curves were bl,'.'_ought into agreement with the 
.". ; ,. ;·~ .'" •·: ,• . :: •, - ," - . . . ,· '• " . i: . :, : ' .,. . .._ :·· 

. experimental d~t~ in such_a way so, that the grca.test rmm- · 
.... · •. : ; ~-~- -~ ' ... \.! < . ~ . . . . '~- ' , : . - . ~ J ."i· ·, . ·, - ·; 

ber qf-points would ~oincide. The calculation was made by 

_thE?.~9rm~las g~v~n by.Hagedorn .::d M~kke-1111 91,· th~'mag~itudes 
• • •· • .• ~-:-:- ., ~ .!'""• ' .. •.. . ,, ~., ' -..,: 

of the ex2itat1,on energ:i.es for the correspo:qding nucle:l point-

. ed out in.liO(, .being involved. (For c~s~- of ;~:·tli~ magn~~udea 
~,_.;·.· . . ;, ,' '; ;- . .. .. . .. 

of the excitation energies _calculate~ for Bi were used)., The 

~ependence given. inlill was taken as a ~atio ,~:~ermining the 

temperature of the m.tcleus at the gt,n:,n exc:i.tation cn.ergy. 

... 
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,.;he magn1t1:-de~ for Pb ':IH~ = ~
0 

= 8.1 MeY for .Al V~ == ~
0 

= 

= 2.J MeV served as an effective barrier in tritium emis-

sion. It can be seen that ev~poration theory yields the· 

dependence of cr HJ variation upon the proton energy approxi

mately identical with the experiment. 

The relative probability of tritium emission ;r'H
3 

··r t,ot.a.e 
. where . ftot _ is the total probability of the evapor.at;on ;of 

neutrons\ protons, of. -particJ.-es etc •. , 

.• .. f (tot"'· fn + /(p + (,i + ¥'H3 + ¥Ho-3 + il'He, f ~ 
3 

.also coincides with the experimental r~tio -~__.,H __ at the 
·d'.J 

3 
v~eom. -• ·. 

pr otoil e~ergy 12~ and; 550 MeV. For Al vtH t- has beel}; obtai-
2 . 2 6 3 ° . 0 . -2 ned to be 10- and J,.10- , whereas H • is 2.5.10; 

.. - ... ·• Q j~On'I. ,. 

(without taking into account the ~ransparency). In case·:.of 

;i, ~~o~: .•· is equal to J.lo-J and 1,~.10-
2 

'!i;;;~e 5 ~1/!e . · 

proton ·energies. The magnitude of ¥H (without taking __ .. ,, :_•. t tot- · · · '.:~ 

into account the ~ranspare~cy) is equa:l ~<? _l? •. 10 and 4.10, _ 
~)-. ;, _,,-~ .. . . ,. •. ' ": '" 

respectively. Thus, t:p.e :relative prQ_bability of. tritium emis-
'. ·.,, ~- ,~)f> ·.:-. ,-. . ~ .,'·"'*.~) ' .>~ .-.:~:- . ~; (_-::!JJ_,:_. 

sion cha.nges as well as the experimental ratio _ 0H
3 

.. and 
Li , · . ·_ •· ~_'. Gjeom. 

the difference between them is not more than three times • 
. . . .. ::.. '.f ·.['' 

This discripanay_ii not essential due to the approximate 

character o:f t4e calculations. 

Th~ coincidence of the dependence (JH3 upon the 

p_roton energy (Fig. J) and <SH 3 with the predictions of 
0 :,eom. 

evap~rati~n theory points out that in our experiments the 

tritium· nuclei obtained as a result of the evaporation pro

cess are inatnly detected .. The coincidence of the excitation 
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C energy curves and the production cross section in dlffe::F:~mt 
• .,... . . ~:· ·;, JJ':"...;"'."! . ~- .~: ··: y-~ :':" • . • ... 

elements at the proton energy 450 Mev. (See · Fig .. 2) dttola.-~-

res in tJtdur of such a con~'ii'ision .. 
At the proton J:riergy 'above 500 MeV · the evapora.ti<m 

theory gives the appreciable increase of. the p:r•obability 
l,. ·• ~-

" of tritium··~misslon \f' comuared .. . .,,, 'Nith. the expei.~1,.m;ntB.1 . ' 

cross ·sedtion, though the ratio 

ly the same. If one a~stimes that 

. t 3 :...J:L_ rema:tns appro:Kimate·-
f cot 

the theory is in agr£H1mH:tr1;, 

with the exJ.)eriment in--t.he .,.ene~gy- 'range 120-500 MeV., tht)!l 
. .. ;--: ~- ·•·- . ; , .~: . :·: . -. ~ ,~,':'.'··:·::er} _: -- .-

.. for 2 BeV-, the probability of tritium er;:iiss:ton 1.n Al e:in.:O§Jeds 

·the experimentaX·~alue a~pr6ii~ately seven times, whereas .. . _, .... •, ,: ' 

. ': . " ~ : --~ ... , . .,,- . ,.-~-~- ., . ·. •·. ,' . . ·>- . 
for' Pb it· exceeds a.pproxima.tely lJ ·times. Such an incJ:-tJa.::➔{~ 

• .•,~ ·c· t·~-rrt·'. . ,. "": :· .:·· '../ ,.) 

. of ;the 'calculated magni tu.des 'fs very lilcely to be due .. to 
the1E'fact :;-tliat the evaporat~o~ rtheory is· ·not applicabfe \~~t . 
such higfi· energies of ufJ bomba;ih:rig. prot~l;A ~' :.· ii:· 

<t\ 

•. f\ 1·1 r~ · -,~i.,. .: D t:: . .. Tne· authors are '·very .°'{ ·:. /.~. C , : . :~.~ ., .;; ;:_:. \ ~ ~~ . , ~ ;:~ L' -~:-: '...': ,.;: · .. 

grateful" to V. A. Khalki.n, 
rr ::.+ ·· ,._ _ . •, .,_ :·:.1;;:,J:"'~:-. -;-.. _;:'.-~i .... ;.:.. .. ~---- :-:!-~~✓--~- :;: 

·· M.J. Kuznets ova and V. I. Salatsky for the a.ssistal;lce di:rritlf:;' 
i:;:·~"~=-. .- -- .. 7-. -~~- .-·· r~~·-... . .,; .. i:.-.: .. ;·, ;,:~£ t~.~~<: .... : : t~, 

the .j;ir·es_ent research. Thanks are also d1.1e to Yu. D.. P:roko:11;{}.,;,:t:n 
'...> . -

.. , ~•••,(.")-:•.,'•· :· , .. ·:;· ···~_,Y·~ 

for valuable ,·r'emarks ~ 
,:j .. { 

(} : . .:...' t .,'. . 

C ! t•.:. 

•.' . .,, ··• ~j 1.1. l. :.-. 

·:· J~~- . ! ,,~, 

. -~~.tr.- ,,_~;c~ .. 1 
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