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INTERACTION OF HIGK ENERGY PRO'roNS 
AND ALPHA PPJm:CLES WI'l'l.l IODDm-127 

* Inge-Maria Ladenbauer 

Radiation Laboratory 
University of California, :Berkeley~ California 

liarcb 1958 

Iodine was boW>arded with protons ranging im energy from • 25 to 6. 2 :Bev 

and Hith • 25 to . 72 Bev alpha particles. The cross sections for reaet:Lons of 

the type (p,p:xn), (p,2pn), (p,ptt+), (p1p2,t), (p,p2"1 and the corresponding 

alpha reactions to ;produce various iodine and tellurium isotopes wel"e measured. 

The cross section for the form$t1on ot iodine-126 via the (p1pn) reaction 

is significantly higher t.han that of the (p1 pxn) reactions to form iodine 

isot~es at all the incident proton energies. With tile alpha particles bom­

bardments a similar ettect 1s noted for 1odine-126 as compared to iodine-127 

@ld 1od1ne-125. lxcitation functions for the production of iodine and 

tellurium isotopes, ot.ber than tellurillfll.o-127, decrease rapidly between .25 

to 1 Bev and ahmr only 11 ttle change trom l Bev to 6. 2 Bev. 

The upper limits for the cross sections of reactions to produce Sb127 and 

Cs127 were found to be .Ol to .1 rob and tor Te127 to be l to 2 mb. 

* ~ On leave from the 2nd Chemical Institute, University of Vienna, Austi.ia. 

-c: 
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~IOJf 0F HIG1l .DEF«tt PROli'ORS 
AID .AtPlrli PAR-I'ICLBe WtTM l:ODIRE-un 

IJage .. Ma:r1a Laden.'ba:uer 

Raaiation Laboratory 
University of California, Berkeley, Cali:tom1a 

The interaction ot high energy protons an4 al~ particles with i~cline to 

pr<>4\ace neighboring radtoactive nu.eJ.14es bas been 1nvest1gated 1n orcter to gain 

1nsi(§lt into t!le mechanism ot hlP energy nuclear reaet!.ons. IodiDe ws chosen 

tor this study because ot the· ra"VVrable decay obarafrt,eristte of the produc\t.s 

fi"om a variety of rel&tivel.y simpl.e reactions e.g., (p.,p21t.) 1 (p,n), (p,p«+) 
and (p,p221+) which result 1n no clump ill Dl!UJS num.ber, and (p,m) 1 {p,pxn) and 

(p, 2pxn) which result in a smll chanie ia mass ll\ltDber, in addition to s1milar 

reactions with alpha particles. 

Unf'ortunatel)', a laak of time prevented tb.e 1nveat1{:i8tion of tb.e {pJxn) 

reaction and (a,pm) reacti,one to produce .xenon nuclides. 

The energy of the 1neident protons was in the range o-£ o. 25 to 6. 2 Bev 

from the 184-inch cyclotron ancl the be-vatrc:m- ~ ener(!ies ot the slpba 

particles were .a;, .. 50 l:lnd .. n Bev (l84·1nch cyclotron). The comparison ot 
tbe cross sections of proton- and al.pha•induced. reecticns e:t the sanae incident 

energy should provide clUes as to the mechanism ot energy transfer. 

1. Preerat1?fi of ~ tarpt ma;teri$1. 
'lbe targets w$1"e prepare4 from sheets ot cellulose acetate conta.in.ing know 

amounts of iodine 1n the f'onn of 1od0form. 'l'h.ese sheets were prepared by disaolv .. 

1ng the iodoform 1D a small amouut ot organic solvent and mixing this solution 

tdth l)uco Cement. The mixt\ill'e was poured on a gl.$ss disk; 'Which ~been 

lu'br1cate4 with a s.U. EUCJ:)unt of silicone grease, and was pressed to the 

desired thickness with a seeond glass disk by its ow weisl:lt. 'l'b.is tUm 

,. materi~l, attar being clr1ed at room tempers.t~, wa,s relativel-y homogeneous 

both as to the iodine content and the thickness. 'lhe iodine content of the 

films, which were used as tvgets, vas: 

l 



I •. lu.,34~ IodinE~ 

II •. 4Z.9~ Iodine . 
III. 23.1"' IodiDe . . 

. . . . 
. . . 

. . .. . 
IV. 33·~ Iodine • . . . . 

. . 
• • • • 
....... 

. . 
The sheets w3:th the highest 1o41ne content were used at the bevatron. 'l'he 

accuracy ot these values was about ~. 

In order to determine the loss ot iodoform as a result of' its volatUity, 

til.m.B were tmt ~der vacuum for five hours. The iodine loss was about lf-. 

Since the cturation of the expoawes at the bevatron were of the order ot 1 hour 1 

the iodine lGss from the films was negligible. The length of bOIII.bardments at the 

1811-inah cyclotron were from 30 seconds to one and a Ml.t minutes. In ord.- to 

m1n1mize the loss of iodine 1n the laager C)'{!lotron bombardments, the beam was 

pulsed on and ott at 5 second intervals. 

Atte~qpts to use polyethylene and parefttn as fUm materials >w~ere unsuccess­

ful. beea\lse of dit'f'icult)' 1n <testroyin3 the fUm with tuming nitric acid 1n the 

first step of the chemical procedure. 

2. 'h.rS!l arranP!!!t· 
The target consisted of a stack of toils iu the following order: l mil 

aluminum, tbe iodine-containing foil, l mil aluminum, 3 mil aluminUm monitor 

ot know weight, an<J. l mil alum1num. The beam passed through the toil in this 

sequence. 'l'he leading edge ot the stack was machined down in order to insure 

that all toils receive the ssme beam exposure. For the cyclotron bombardment 

the stack was tightly eovered with an additional. 1 m1l aluminum sheet in order 

·to prevent loss ot iodoform by heating of the target. 

3· ~bemical. s§!rat.ion prgceffi!!:ep. 

After tlle bombardment the target was cut from the target holder. The 3 m1l. 

aluminum. f'oU we separated .and mounted for counting sodiwn-24 1za the stan4ard 

way. The cellulose-acetate 1odotorm f'oU was weighed and car-efully diseol ved 

1n a few ml ot fuming nitric acid. To prevent the loss of iodine, a reflux 

condenser may be used, although this is not necessary if care is exercised. 

Approximatel.y ZO m,g of tellurium carrier (as tellurete ion) 1 20 ~ of antimony 

carrier (as SbCl
3
), end tracer amounts of cesium-131 were added. Aliquots of 

the solution were taken for separate analysis ot the cesium, iodine, tellurium, 

L: 



-6-

and antinlmy•l27 fraction. In later experimepts all of the target material was 

used either tor the analysis of the iOdine traction or tor the analysis of all 

the other products. 
l 

a. IodUle pur1ticatioru 

Por tbe iodine analyais about 2 ml 0. 5 M sodium nitrtte solution aQd a 

volume ot carbon tetrachloride equal to that of the tellurium fraction were added. 

The resultill,g iodate was r•duced to elementary iodine with saturated s~turous 

ac141 added 4ropwise1 and was then extracted into csrbon-tet:rechloride. This 

layer was treated with a solution of sodium bisul.t'ite to reduce the iodine to 

iodide ion. The excess ·Of sul.fur dioldde was boiled ott, and the iodine was 

~ze·d 1n nitric acid solution with sodJ.,um nitrite t.o elementary iodine. This 

extraction was repeated for 3 tiln$s. After the last reduction, the sulfur 

diox14e was boiled off 1 and the 1o414e was precipitated from 1 M nitria acid 

solution with s.Uver rd.trate. Af'ter filtering and. careful. waslUng_, the pre­

cipitate was dried, weighed and mounted for count1n3. 

b. Tellurium purit'ication: 21 3 
'lor tbe tellurium emal.ysis the solution was evaporated to near dryness, 

with ~e addition ot concentrated hydrochloric acid, to set rid of the nitric 

acid. This step vas repeated 3 times. Tb.e residue was diSsolved 1n concentrated 

~droch.loric acid and the tellurium was precipitated as the sulfide with b7drogen 

slllf'ide. The sulfide was centrifuaed and the supernant liquid vas kept for the 

ant.imolly end cesium purification. After the tellurium s\llfide was dissolved in 

boU1ng concentrated sulfuric acid and e ffi'A arops ot percbloric acid, selenium 

carrier was added to the ice .. -cold h:ydrochloric solution.·, The selenium was pre­

cipitated with sul.tur dioxide and was _discarded. More selenium ·ilas added to the 

solution, and the precipitation was repeated. 'l'he solution was diluted to a 3 N 

, . eoneentration ot hydrochloric acid and was boU.ed. Tellurium was then precipi• 

tated w1th eul.tur dioxide. The tell~1um was again dissolved, and the 

purification was r~ted,. Finally the tellurium was filtered, carefully washed, 

dried, we1ghe4 and JWunted for counting. 

c. Antimony purification: 

For the antimOny anaLysis ~ solution set aside in the tellurium procedure 

vas diluted and hydro~n sulfide gas was passed 1n to precipitate antimony 

sulfide. 1be supernant solution was ltept for the ces1~ purification. (The 

time of the eeparation v-ISs noted). 'I'he antiUJ.Ony sulfide was dissolved 1n con­

centrated hydrochloric acid. The solution was heated to 'boU ott the hydrogen 

' \ 



sulfide and wae diluted. The antim3ny was precipitated as the metal with ehromous 

chloride. The sample was weighed a:t'ter f1lter1ng, washing and dryimg. In about 

32-36 hours the tellurium-127 activity gro'lfing 1n as tbe daughter of antimony-127, 

was essentially at it.s maximum value. The antimony and tbe filter paper were 

dissolved in red fuming nitric acid and a known amount of tellurium carrier we.-s 

added. The tellurium procedure described above 'W8S apPlied again. The sample 

was weighed and mounted. !he decay of the sample was followed an a beta propor­

tional counter, connected to a t-raffic counter, f'or about 4 to 5 half-lives. 
4 

d. Cesiwn purification: 

The solution which remained after the precipitation of antimony sulfide was 

evaporated nearly to dryness for several times w1 th concentrated hydJ'oehJ..oric 

acid. The residue was dissoJ. ved in 15 ml ice cold concentrated hydrochloric 

acid, which bad been prese.turated with hydrochloric ps. To the el.eer solution, 

which wa.a be:1116 stirred v1-sorously 1 !) cSrops of o. 4 M solution ot silicotun-gstic 

acid were added. A white crystalline precipitate of sllicotunsstic acid was 

formed, wbieh coprec1pitated the 'tracer amounts of cesium and rub141wn. After 

oentri~t1on1 dec:mntation tmd wasbil.l.i the precipitate was dissolved 1n a few 

drops of 'WSter (condUctiVity water) and WBS reprecipitated With 15 ml ice-cold 

concentrated h)'drochl.orie acid. This procedure was repeated 6 times to separate 

cesium t'roJn rubidium. TQe. latter separation must be "t"'ery clean in order to ""-· 

remove rubidium nuolides "'1th about the same halt' life as cesium·l.27. Finally 

the white precipitate was dissolved in l ml water. A. column of Dowex-50 cation 

exchange resitl w1 th the appro.xirlJate dimenB:lons 4 em x 0. 5 em, was previously 

prepared from 250 to 500 mesh resin in the &mnonium tom. The <::Ol\Ulill was care­

fully wa$hed with water. 1'be 1 ml. solution, whieh contains the cesium and 

possibly rub141um contamination was jipetted on top of the column and wtls passed 

throU(Ih the column at a rate of 2 to 3 drops per llli.Uute. The columD was washed 

with 2 m:L water and with 1 ml 1 M hydrochloric acid in order to separate 

rubidium and cesium. The cesium. vas finally eluated with concentra-ted hydrG .. 

chlor1e acid, 3 &tops were collee~ on each ot several platinum disks. ~ 

disks ..,ere dried under an inf'ra-re4 lamp and ~rere counted with the beta propor­

tional counter. The platinum 41slt with tbe moat activity was then eounted for 

at least 5 half live$ on the top shelf. With the proeedut"e described here the 

beet results were obtained. However, thie proce~ "W&$ not used at the 

beginntng. ihis is the :reeson for some higher Jtesults in the (irst few elq)eri­

ments. 



4. Sa!JPle mpuntiP;S· 

The precipitates were filtered with the aid ot ~ filter c~having a 

diameter of approximately 19 mm. 'l'be precipitate was collected on a previously 

vte1ghed filter paper ot tbe corresponding size, placed on a sintered glass disk. 

The resulting area ot the &.!;!raple was about 2. 7 to 2.8 em2• After washing, dry­

ing, and weighing the precipitate, the filter pape:t• with the sample was placed 

on a doUble-sided saetch tape, -which was centered on a standard aluminum sample 

holder. A plastic film with a thickness of 4. 2 mg per cm2 was placed over the 

Sa.t!Ij}le tm.d secured to the alumin\Uil card w1 th the aid o:f scotch tape. When t.he 

counting was co19leted some of the samples were si ven t.o the analytical sroup 

ta:r:&-ehemical analysis. ~ latter determinations ah.ecked the original weigb.­

i.Jags very well. 

III. COUHTDI'G AND 'l'REA'l'Ml!!.m' OF DATA 

1. Calculation of cross sections. 

For all the bGmbardments the cross section t:or the formation of any par­

ticular nucl.ide x 1s given by: 

A.Al ta . 
A (1 .. e ) FA, N a A, xo ·.I. .t'U-

(J • 

X . ·>-x ~ 
AAlo (1 - e ) Fx 

In thia equation, 

:.. : the activity xo of the given nuclide at the end of bombardment. 

AAl o: the actinty of the beam monitor sodium-24 at the end of bombardment. 

~1,A.x: tbe spttoit'ie decay constants. 

(w~16Pt of Al/cm2) • (atomic we1snt of iOdine) 

!{ == (weight of iodine/cm2) • (atomic weight of aluminum) 

alU: cross section for the reactions, Al27(p,3pn)lfe.24 and A127{a1 4p3n)Na
24. 

F = C'1 • GF • D • ABS • E. 

CY: chemical yield. 

GF: seometey factor of the cGunter. 

Dt the number ot particles being counted ,.;hich are emitted per disintegration. 

• ABS: factor to correct tor ~bsorption of the radiation by the sa~le cover, 

added absorber { if any) 1 air, and . 1-1indow ot the counter. 

i: eountilag efficiency. 
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:r Al: the coefficient Cl, D, and E are equal to 1. For beta counting GF for Na24 

and for x are essentially equal and are, therefore, not included. When 
"24 the gamma activity of the unknown is being determined, GF for Na is in-

cluded and is taken to be 0.458 {average of 3 counters) for the top shelf 
6 of the proportional counter, is determined by D. W. Barr. 

'Jhe activity -of entimony-127 at the end of the bombardment is obtained from 

the 9.3 hour tellurium-127 daugb:ter activity by tbe formula: 

-~ t -~ t e g· Y- e Y 

-where t : is the t1me afte1· which the antim::>ny v.as separated from the original 
X 

sol.utiou. 

t : is the time the tellurium w'Ss separated from the antimony fraction. y 
~e: is the tellurium activity at the time t

1
. 

2. Beta eountins. 
An end-window ges t.J.ow proportional counter described by D. W. Barr7 

;.1as 

used to count el.ectrons and posi trona. The factor D was obtained from the decay 

scheme and is given below.. The absorption correction -was calculated from a 

curve of tb.e absorption .ll.al.f' thickness vs. energy for beta particles •. The self­

scattering, back-absorption, and self-absorption corrections were included 1n 

the geometry factor. \fuen it ,.,.as desired to eliminate conversion electron, a 

3 mU aluminum li\bsorber t<NU used. Poaitron counting rates were multiplied by 

e factor ot 1.12 to correct for the difference in back-scattering of positrons 

and electron a. 

3. Ge~·ral counting. 

A sodium iodide (thallium scti vated) crystal, l. 5 inches in diameter by 1 

inch high, connected to a Pence 100-channel differential puJ.ae height analyzer, 

was used for pmma-ray counting. The covering o:f the crystal \fSS 3 mil aluminum 

(ao mg/cm2) with magnesium oxide, equivalent to l mg/cm
2 

al.uminU!ll, as a filler. 

The absorption correction trom this source as ·~Tell as the intervening air 1 the 

beryllium or steel absorbers which are used when counting positrons in order to 

produce ann1hilation radiation, and the sample cov-ering iltt\~::!caloulated from 
8 . . 9 

absorption coefficients given by Campton &nd Alli~on $nd by Davisson and ~s. 

Self-absorption in the sample itself \f'as small and vias, therefore, neglected. 

The geometry ~actor for the top shelf of the counter was measured to be 10. aJ, 
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~ Am24l .. . 1 ~ with an source 1 cal brated by alpha counting. In Fig. l is show-n a t;ypical 

gamma-my spectrum of iodine activities severaJ. days after the end of the bom­

bardment. __ The Compton background. was obtained from the average ot the countiqe; 

rates on either si.de of the peak (1ndieated by a solid. point) multiplied by the 

peak eh~el width. 

4. ~l .cl:laracteril?tics. 
; 

T4e factor, D, '111hich 1a the number of a given 'b~e oz parti<:le em1tted per 

dis1ntegatian, w$s calculated from.~- decay s.~eme ~ lUlOwn. Gtaerwise, this 

facto%' was calculated theOretically. Thus the l>OBitron branching ratios ot 
I 120, r 21 ~ Te116, and Te117 and their daughter$ were estimated by :the metllOd 

of P .. R. Wiles on the assumption that only allo:we4 beta transitiOns contribute 

si&nif1cantly to the ~ountina rate. Also tbe rate of ~tron capture by the 

t .. shell to that by the K-ahell for the isotopes ot t.o41ne other than 6o d :rl-25 
was ~alculated to be approximately 0.1, aceor<Ung to Brysk and 'Roae.JD In the 

f'ourth column ot' Table I the values of the fa.~tor 1 D, are given-~ the1~nuclide 

listed in the first coltllml and for the radiation listed in the second and tbU'd 

co.l.umns. '!'he last column indicates the references used for calc~ating n.. 
The cross section of :rl20 was determined from the positron activit~ by 

l'lle$GS of beta .. particle and gamma-ray coun~ing minus tbe contribution o:f r 21• 

The contribut1on.of the latter to the beta-particle counting 1s 

•15 x •·4~ · A ( .21 )lev r of zl21 ) _. 92 X .1 · X • b2 0 

For gamma-ray counting thla correction is 

.15 x 2 lf. .162 A (. 21 Mev r of' ;rl-21 ). 
-. 92 X • 62 0 - .,. 

The values 1 .15 and .92, are obtained fl'Olll 'l'able I. TM vsluee,.458 end 

.108, are the geometry factors mentioned abo-.,e. The pho~peak counting e.t'fici«tcy 

for the 0. 21 Mev t 1s • 62 and that of the two ann 1 hila tion gA1'IUIIa rays iii .165. 

The experimental cross sectio~, listed 1n Tables II ·and III, are bas·ed on 

the- cross section for the formation or sodium-21~ from alurainum which is used as . 
7· 

a beam BJ)U!.tor. The value at a proton energy of 250 Mev is 10.0 mb. W1th1n 

elq)erimental error the cross sect :tan for higher energies is constant u,p to 6. 2 

»ev and. is taken to be 10. 5 mb. 1 The corresponding cross sect1ons tor alpha 

pert,icle bombarUilent have been measured only to 380 Mev. The value at 250 Mev 



... lz-

Table I. The Nu.mber. of Particles o.f a Given T~e ~mit-ted,Disfn~g~tion 

Nuclide Type or Jnerf .Particles or Reference 
Radi-ation {Mev Photons per 

D1e1nteg;ratiOJ1 

13·3 d xl-26 'D) 
+ 

0.453 {3- ·39-1.25 12 
r .]82 0.34 12 

x-ray .oas 0.40 12,10 
60 d I125 y ~$51 1.39 1.2 

x-roy .028 
4. 5 d I?-2~ f3+ .r .. z.z ..... 30 12 

Yannih. .51 .... ~ 12 

x-ra:y .028 0.54 12,10 

13 h i 23 r .160 0 .. 84* 12 

x-ray .028 0.89 12,10 

1.6 h zl-21 + 13 1.2,4.0 0.15 ll 

r .210 0.92 12 

x•ray .oze 0.71 12,10 

1.6 b ~20 fl+ 4.0 0.90 11 

r~ih. .51 1.80 ll 

9.3 h 4J.'e127 f3 ·1 1.0 lZ 
1" 127 ·-110 d Te m f;. ·1 1.0 12 

6 d Te
118 

} fl+ 3.8: SbllB 
J.l 0.8 11,12 

2.5 h Te117 fl+ Z.5 0.65 u 
3 h Tell6 

} 13+ 
15 m tSb116 1. 5,2. 4 0.65 11,12 

93 h r127 r - 1.0 12 t3 ·1 
9.3 h 'l'e127 

6.2 h cs127 ,•, 'l ~.1.1 0.,02*** 11. 112 

ifThis .nuclide is assumed to populate t.he .16o Mev lev-el co~etely. 

**Telluri'l.llD.-127 is separated from the parent activity in order to 
determine the erose-section of 93 h Sb 27. 

·, 
***The limiting value given by reference 12 is sm.ller than the .,11lue 

calculated according to reference 11. The '\1-alue listed here is a 
pure assumption. 



Table n. * the Cross Seetiona in Millibarns tor the Format:t.on of Iodine Isotopes by 11gb Energy Protons ~d 
, . ~P!'!a. . .Pa:r:-ticlea 

Sn~gy of 
lnc1(lent Protons 
or Al:Ebas 

1 
• 

6.Z Bev 

2 Bev 

1 Bev 

720 tiev 

500Mev 

250 Mev 

500 .Mev· 

250 lotev 

45.4 t 4. 7 

59.2 :t 11.4 

58.3 ± 6. 7 

67.3 :t 12.7 

56.4:! 6.8 

62.4 :t 8.6 

(a,an) 

lt6.6 t 4.8 

69.2 i: 5.0 

82.9 ±.12.1 

•see note on oottom of Table III 

14.38 ± 0.11.4 

21..4 ± 5-3 

19-5 ± 0.6 

17-9 

14.5 t. 4 

20 ± 0.3 

47-3 i: 4.3 

{a,a2n) 

19.1 

31.0 

37.6 

12.8 :t 2.5 

17.5 ± 5-7 

18.4 ± 6.7 

16.7 :t 5.5 

10.3 ± 1.35 6.2 ± 0.6 

15.8 :t 4.1 10.4 :t~.2 

15.0 t 4.4 10~7 ± 1.5 

24.2 t 6.2 17.0% 2.1 

19.1 :1.: 6.6 16.4 :t l!..l 12.8 ± 1 

25.8 ± 4.8 26.1 :t 6.3 25 ± 5-5 

5().4 ± 11.0 59.4 :t 7.6 

(a,a4n) (a,a6n) 

20.7 :t 5.1 30.3 ± ~1 j2.2 

31.6 z lO.l 46.3 ± 10.7 41.5 

36.6 ± 10.1 73· 4 :t 19.6 26.0 

I1zo(1.6 h) 
.bh!iJ:l) . 

3-9 :t 0..:9 

6.2 ± o:rr 

7-0 :!: 1.3 

11.8 ± 3-l 

10.6 ± 1.9 

14.9 t 0.6 

2Sf.S ± 4.8 

(a,arn) 

1.3.2 ± 2 .. 8· 

23.0 ± 4.1 

15.9 t 4.~ 
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is 27 mb, and at 500 Mev and at 700 Mev it 1s taken to be 22 and 16 mb 

:n!apeat1'V1.lly as obta 1ned by extra~l+ltton~3 
. · 'rbe overall experimet~tal accuracy of the measurements 1 including the mean 

deviations g1ven .in Tables U and III, is &pproxima'tely t2.5i tor those nuclides 

with kno'Wn deca)' s.chemee end tor the incident energies e.t which the IIIOnitor 

cross sect1ou has been .meat;~ured. The accuracy of the other cross sections is 

not known.. ~ere is an ad41 tianal. uncerta 1nt;y in the alpha-particle bonibard• 

mente because only one experiment was made at each ene7g. The cross sections 

tor the formation of the iodine isotopes are plotted 1n Fig. 2 and 1~ as a 

function of the mass number ot the product. The excitation t'\ltlctions tar the 

tormat:.ton at iodine and tellurium isotopes are sb.Qw.n in Figs. 31 51 and 6. 

l. Reaet,i?ne oij the tlie (Pd!~l and (q,am). 
In Fig. 1 it is seen that the eross section tor tbe formation of iod:tne-126 

is significantly higher than tbert ot the other iOdine isotopes at all ot the 

1Qc1dent protoa energies studied. With the alpha-particle boDibardn:ents a s1m1lar. 

effect is noted tor 1odine-l26 as compared to 1od1ne··J.B4 and 1ocline·lZ5, Fig. 3· 

T.bc excitation functions for tbe formation of iod1ne•136 by proton bombar~ 

· •ut. drqps a small a:~ between 2SQ Mev and 500 Mev, but with.in experiment~ 

ezTOr reUP!ns constant from 270 Mev to 4 cmd perhaps even 6 Bev 1 Pig. 3 and 

Table U. :0. Netbeway14 observed that the cross seet.10n tor the Inll5(p,pn)In111w 

reaetioa 1s also relatively constant n-om et>O to 6. 2 Bev. The work ot: 8. a. 
Markowitz~- and A. Caretto and G. Fr1edl&nderl.~ eonttr.ms this general behavior 

of {p,pa) re$Ctioa.s for various other tar.ge.ts. 

$he 4rop in c.roes section between 2SO and 500 Mev i'DQident proton energy 

tor the other :todine teotopu ia larger 1 being a tact9r ot a»:>~te.ly two. 

'The fall•ott in the excitati~ f'unctions!:rtabove this ener.&v is larger tor the 

lighter iotirle IIP,sees, Vig. 3• 
lfb.e MPer eroces ~ectlons for the tormtton ot 1od1ne isotopes of mass 122 

and 123 in th~!r a~·pai"U.cle bombar&nents, as compared to those of mssseiJ ,124 

and l25,JIB)' be due to (o,pm) reactions to tonu xenon isoto;pea, toUowe4 by 

dectt~to the 1o4ine <laughter act1v1ttes. 

z. ~action& w1ch. :te~ire· ~ e~ss1on ot iions. 
'.the production ot tellurlum•l27 <Ureot.l.y from 1o41ne ... l27 requiree tb• loss 

of one unit of nuclear ebarge nthout a ebange in •sa. ~. simplest nactton 

of this twe 1s (p,p~+) and requires that the iac1dent Foton energ;v be 

suf'fic1ent to pro&.lce a pion. '(1nfortuuately, the yield ot tell.uti'Wfl.o"l.2j 1a 



Table In.* The Cross Sect1¢n~ 1n MUlibarns for the Formation of Antimony-127, ees1um ... l27, and 'l'ellur1um_Isot.ope3 

ltnergy of 
Incident 
Protons 

6.2 Bev 

4 Bev 

2 Bev 

1 Bev 

120· Mev 

500 Mev 

250 Mev 

7.-44 :t 2.4 

8.0 ± ·1 

7.0 ± 1.5 

20.2 ± 3.0 

23.6 t 4.0 

J0.6 i: 2.8 

40.2 S: 7.8 

15.4 t 3·1 

12.7 ± .8 

18.1 

28.5 * 1 

31.1 

38.7 ~ ~M8 

64.5 t 6.6 

by lli$1'1 Energg Protons . 

1.32 ± 0.16 

.39 

2.56 ± 1.08 

1.19 t ·1 

2.58 ± 1.12 

l-71 ± .27 

1.5± .52 

.l~l 

.65 

.. ll8 

.608 ± .237 

.059 t .007 

.47 :t ·-" 

<.009, .123,.009 <.30, .66~6 

<~43 <.074 

<.019 .... 
<.009 .... 
<.Olll,.032 <. 015 j • o62 

<.10,. 22 <.045 

<.010, .051 <.025,.028 

itl'fhe· values :followill$ th.e :t signs are the mean deviation .tram tbe mean in the eases where mGi'e than one 
determillation of the cross section has been made. 0.0 the second line of Tables II aad III and the tenth 
line or 'l''!ble II are indicated one· o1' seveml pos~ible reactions to produce the given product. 

"These values ~ probablf. upper limits because of the difficul:t.y ot resolving the decay curves and 
beeause ot possible contamination from secondary (n,p) reactions. 

127 ***The limits for Cs are based on an auume4 val~ ot 0.05 tor » (Table I). 

~ . \0 
~· 
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. 
small re.lati ve to that of the other tellurium isotope£~.. It was 1 therefore 1 not 

possible to re.solve the t~urium decay curves vith suf'fi.eient accuraey to get 

o reliable value for the ·(p,,pu+) cross section.. In a4d1t1on, there i.s a possi­

bility of contamination tram secondary (n,p) reactions.. ~us, ~ cross seet:$.ons 

'tvhich are giv~ in !'able lU for this reaction are probably only \WPI!Ir 11m1ts. 

Thi:li is coutlrme4 bJ the value at 250 Mev, which is in essetltial agreement with 
+ . 

the otbers 1 since the {p,p~e ) ree.etion is not possible at this energy. 

The production of antimony•l.27 from iodine-.1.27 requiru the loss of two 

units ot nuclear cberge.. Since ·the cross sect.1on tor this rearetiou is ex.pected 

to be very low in comparison to tb&t of the other WltimOny isotopes, it is 

neeee.eary to purify the ant:lm.:>ny traction first and then, at'ter sufficient 

time has elapsed, separa't.e tlle daugbter tellu.ri~·l27 activity. Because of 

the low e()UJlting rates which vrere obtained and the pos•ibill t.y of contamination, 

the values '-tb,ich are lis~ for this reaction in l'able ni ant also to be con ... 

sidered cml.y as upper limits to the correct value. 

The production of cesium•127 requires a gain ot tvo tmi'ts ot nuclear 

charge. The val.uea tqr t)l.e cro.ss section to tom this _nuclide; li.sted in 

Table tXX1 are ba~ on the assWIU"t1on that the brancblng ratio tor beta decay 

is 0.0:5. Jor the s~ rea.sons siven infhe case of ant1mony•l27, the value& in 

'!'able Itt ere only upper l1m1 ts. 

3· ~. iro~t1on of ~ever¥, t~:qr:ium i~PR!"' with llf;lDSea ot~er than ,127. 

$'he llalt-livee of tb.e tellurium i.eotopea with mass ll6 and 117 are reported. 

as "ing 3 and 2.5 hours, respectively. Since these aetiv1t1es were measured 

only on 'beta proportional counters 1 the decay CUl."Ves could not be resolved: into 

these too components separately. 'I'he sum of the two erose sections is there­

fore~ given in Ta'ble Ill. The eateitation functions tor: these two tellurium 

ieotope.e and for tellurium. .. ll8 are shown 1u Fig. 6. In general, they resemble 

tho~ of other reactions in which a &im1le.r nl.ll!lber ot nl:l4ile®e are emitt~d, as 

a reeul t o:f bombardment by h1g!a energy prot~a.. 
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Ftgure Captions 

Fig .. 1 Typical pmma spectrum ot 5.4 d zl-24, indicating the presence of 
armib1lati<m radiation (510 kev) and 600 kev gai!IID8 ratUation, and 
13.3 d Il26 with 380 kev and 650 kev gamma radiation. 

Pig. 2 Cross sections for the fo~t1on ot 1o<Une isotopes tram bombsr~t 
ot iodine-1,27 by protons ot different eneraies an e function or the , 
W\Ss n~r. · 

Fig. 3 Exc1tation twetions of iodine isotopes from proton bombardment 
ot 1odine-l2'f. The s~l (p,pxn) represents one of several 
poasible reSiOtions which result in the given product. 

.Fig. 4 Cross sections for the formation ot iodine isotopes from 
bombardment ot iodine-127 by atpba particles of d1tterent 
enersiee as a funotion of' the nass number. 

J'ig. 5 Excitation funet1ons of iodine isotopes from ~ .. particle 
bombardment o:r iod.ine.,.l·:n. The symbol (a,axn) represents one 
of several possible reactions ~ich result in the given product. 

Fig. 6 ~ci tat1on tunctions of tellurium 1. soto~s from proton bombard­
ment of iodtne-127. The symbol (p,2pu) represents one ot several 
possible reactions which result 1n the given produet • 
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