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UTILIZATION OF AN INTENSE BEAM OF 800 KEV PROTONS TO ?REPARE
RADIONUCLIDES

H. A..O’BRIEN

Ph.vsics Division, Los Alamos National Laboratory, Los Alamos, ,Vt+,Y.:545

Abstract

Since the early 1970’s, a program has been undemay at this

institution to employ the excess nroton beam ~~e~glrig from the major

exparimonral areas of tha IAMPF accolorator to ❑ake a wide variety of

rad~oact~vn nuclides, This paper presents a revtew of rhe targets

irradiated, cross section data, and nuclide yield measurements.
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1. Introduction

Early in the development of the CILnton P. Andersan !4eson Phvsi~-s

Facility (LAMPF), concerted efforts were undetway to develop a number of

non-meson-phygics programs chat could utilize the unique resources of

this accelerator. One of these efforts was concerned with designing and

bllilding a rargetfng system (l), to be located immediately upqtream of

the main I.MPF beam stop, chat would allow a variety of target mareri.lls

to be lnserced into the excess proton beam emerging from the main

experimental areas, This was an immense and excitLng challenge co those

of us tnat ware invnlved in the program, as the beam would reach a power

level of BOO kW, and massive shielding would ba required for the ejected

neutrons and gamma radiation, yet tha operation of the facillcy, lacer

named the Isotope Production Facility (IPF), was required to have

minimal impact on the overall operation of the accelf:rator.

The objecclva of this paper is to briefly surunarLze the

preparatory resenrch carried out with 590 tleVprorons. This dkil be

followed by a review of the results thut were obtained during the l>-

y~ar period I was associated with and directed the Medical Radio[sotol)-

Kesearch ProgrAm. ol)vLo(Islythe constraints on the !englh of this }I;l\lrr

limit the umoullt ot-IIu:a t}latCAn h~ prcs!e!ltedhere, hut .!llmrrf)!ls

}llll)llt.:ltlon~will I)FI(.ltMd for fhose WiShill~ MOL-@ c~Xf{~llHIVV(I;lt;l.

2. SpaLlatlon Raactlon StudLes at 590 t4aV



sy-nchrocyclotron at the Space Radiaclon Effects Laboratory located in

?Jewport News. These data would provide a planning basis for che lAMPF

radioisotope production program. Thin target foils of the following

elements were irradiated: c, i+fg, Al, S1, Ti, V, Cr, Fe, Co, Ni, Cu, Zn,

Ce, As, Se, Nb, Mo, In, Sn, Ba, La, Ce, Tb, Lu, Hf, Ta, U, Au, Pb, Bi,

and U. G~’Li) spectrometry was employed to measure the yields of the

major gamma photon emitting nuclldes produced Ln the irradiated targets.

Chemical se~,aracions were carried out on che higher Z targets, as

needed. Many of the targor: studied by us at this energy have noc been

studied by others at similar energies to permit comparisons, Some

publications (2,3) contaLned product yield data for Tl, Fer and Cu

targets bombarded with 600 MeV protons, and comparisons showed wide

disagreements (see Tdbies 1, 2, and 3). Because of this, an

Lnterlaboratory comparison was carried out in which identically

irradiated foils of Fe and Cu, plus Al and C ❑onitor foils, were

distributed co the three participating Laboratories for ❑easurement(h).

“rhe resultlng data showed generally good agreement.



cross section u depth in the array, were found to be sLmilar to those

obtained at che higher proton energies, with the exception that the

maxima are shifted to approximately 10 g cm-2 depth(see Figure 1 for an

example) . Thus one could expect enhanced yields for some product

nuclides in che LA’lPF targets,

3. LAMPF Targ8t Irradiations

The IAMPF is centered around a half-mila long lLnear accelerator

designed CO accelerate a high Intensity beam of protons to energies well

bevond ths pion production threshold (7,8). The IPF, as!mentioned

above , contains n~ne independent target stations Ln series immediately

upstream of che m~in 1.&4PFbeam stop. Targets are typically on the

order of 6.4 cm OD by 2 cm thick and are encased in a bolted container,

vhlch has been made of gold-plated copper, scalnless steel, or aluminum

ln addition, a number of different target encapsulation methods have

been developed and tested (9).

[n contrast with L.]v-energy charged-particle nuclear reactions,

Loss of particle energy in target windows and coolant is not a great.

ronslderation at 800 AeV. Physical strength, high heat transfer, and

res[sta,]ce ~u radlatior damage are important t-actors 111selecting

m;ltf~rialsfor use in er!capsulatton systems,

When operntlorls iit the IPF were lnltlnted [n October, l’)16,IA!ll’t’



88Y that necessitated the irradiation and processing of ❑ore than 5

kilograms of Mo ❑etal. As experience was gained, it was learned chat

oxide and sale targets could safely be irradiated, and we eventually

developed a targeting system that permitted the sweeping and cold

trapping of radioxenon gas from a ❑olten CSC1 during irradiation (10).

4. Spallatlon Reaction Studies ●t 800 UeV

The ❑easurement of 800 MeV proton spallation cross seccions has

been an important activity of che Los Alemos Medical Radioisotope

Research Group. Knowledge of the formation cross sections of isotopes

of interest allows the calculation of estimased production yields in

thick targets, the monitoring of hot cell procedures, and an evaluation

of isotopic lncerferences in a particular LAMPF product. Because of the

non-specific nature of nuclear spallation, for isotope production (11),

chemical separacfon alone is sometimes insufficient for the requisite

purity (12),

Thin targets of Ni, As, Pb, and Bi were Irradiated with

(800 k 5) MeV protons to an integrated intensity of L microampere hr,

together with Al

b;ised on tt,eyie

[r)Al: 24Na, LO

sop;1ration9 were

f)f interest, ;Irld

monitoL Fo.(19 (12). Beam intensity measurements were

ds and known cross sections of the followlng activl~[es

785 mb; 22Na, 16.: rnb;and ‘Be, 6./$mb. Radlochemlr,~l

performed on each target t.orecover elemental Fract-if)rl%

;lnalyse~ t)f the various gamma photon spcct~-a were

[)erf”ormedIJS[rIg the

T}le ![lr~el 11(

llllllll)el’ot :4(1(11t1011:1

(;AIWNAI. code. Tbe resul~s are shown [IITilhle /J,



this target when irradiated with medium energy protons (13). Tn this

case , three pressed pellets of RbBr were irradiated simultaneously along

with Al moniror foils. Following irradiation, two of the peliets were

dissolved in HC1, aliquots withdrawn and mounted for counting, and the

remainder of the solutions were chemically processed to isolate the Ge,

As , and Se fractions. The third pellet was chemically processed to

isolate the Cu and Ga fractions to permit independent determinations of

the yields of 67Cu and 67Ga. The cross section results are presented in

Table 5,

Vanadium targets are of Interest as a potential source of “K,

‘2K as m isotopic impurity (14), as well as awhich also contains

source of 4&Ti, which would serve aq the parent in the 44TL-44SC

biomedical generator system (15). Also this target would sene as a

source of 32 S1 that would be useful in a number of geologic and nuclear

studies (16). The data in Table 6 are the results of our ❑easurements

(17).

One of the more important targets we have studied at L-AHPF Ls

molybdenum, for it 1s from this that the following useful nuclides are

derived: 88Zr, 8~;Y, 83Rb, 82Sr, ‘7Br, and 12Se, Isolation of rhe Zr/Y

fraction would produce a source material for an 88Y-Be photoneutron

snurce that would produce a rnonoenergetlc source of 151 keV neutrons

(lU), Alternatively, an inltlal separation of the Zr and Y followed by

[Ile decay of HRZr would yield a source of isorop!cally

(TL/2 - 25.55 days) [s the patent of 1.213-mLn. 8?~b (

I)eerlshown important [n hraln and heart studies employ

t.m[ss[on tomogrnph[(: (PET) lmnglnK (;’[),21.) EmploytIlg

9), wh[ch h;lq



shore irradiation time of five to six days, 77Br can be made via

sp~llatlon of rtoand a relatively high specific activity of 150,000

Ci/gm has been achieved (22). This ❑aterial has proven co be useful in

radiohalogen labeling research of estrogen derivatives (23) The cross

section results (24) obtained for the spallation of ❑olybdenum by 800

?leV protons are given in Table 7.

5. Spallation Yields ●t 800 MeV

g~ca~se of the combination of

beam intensity (an intensity of 1.2

the LAMPF proton energy and large

milliamperes has been achieved), it

is possible for us to irradiate thick targets (about 2 cm thick) and to

recover unusually large amounts of radioactive isotopes. In this

section, I will briefly summarize a number of achievements chat have

been realized in this pLogram.

Silicon-32 is the longest lived radioisotope of that element and

is of interest to the astrophysical community as well as Ln other

physical sciences. This nuclide was produced by Irradiating 320 grams

of V metal. in the IPF during an intermittent bombardment over a period

of three years (16), after which it was determined that about L.5 mCL ot’

)2Si (possibly the world’s supply) was made.

The decay properties of 67Cu are suitable to make this nucll(le

.It.tractivefor ilppllCatlOns Ln rnedlcal imaging and in Lnternal radl;lt,it~l]

Iherap~l ;lnd~x~~rlslve research 1s [n progress on Ilnklng [h{% l,ucltdp

to moi~ocloual allt[hod[es [o :lchlovc tumor Lmaglng ;~nd (her:ipy (2’)) A

t,lr~(~((’(lnt;lluillg/’).? g ot”ZlloWJ1!Jhombnrded ;Itn proton l]v~m [Sllrr(’llt
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of 623 ❑icroampere for 93,4 hours, and che obsenred yield was 3.11 Ci

of 67CU(26).

Space limitations will not allow even brief coverage of a number

of other radioisotopes develo~ed in this program. These include ‘Be,

22Na, 26A1, 44TI, 52Fe (9,27), 6dGe (28,29), 77Br (9,30), *3Rb, 82Sr

(31,),say, ‘aZr, 109Cd (27), 1231 (9,32), 127xe (29), and 172Hf. The

interested reader should refer co the reference citations for additional

details.

One additional example will se~e to emphasize the enormous

production capacity at MMPF. A tantalum target weighing a total of 770

g was irradiated over a four ❑onth period, with the irradiation

terminating on November 18, 1980. During this period there were about

70 beam days with a proton current of approximately 350 ❑icroampere.

The estimated total proton fluence was -1022 protons. The yields

obtained, corrected to EOB, are shown in Table 8 and graphically

illustrate the substantial resource capability of the L.AMPF accelerator.
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Figure Captions

FLgure 1 Effective spallation cross sections for niobium foils
located in thick iron array (12” x 12” x 20”) irradiated with 590 HeV
proconsm
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Tablo 1i Spmllatlon Yitildm Fro= 590 XaV Protons on Ticanlum
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Tabl@ 2. Spallation Yitlds From 590 II-VProtons on Iron

Cross Section (rob)
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Tablm 3. Spallacion Ylalds From 590 liaV Protons on Coppar

Cross Section (rob)

Yuclide This Work Cllne. Pt al (3)

62Zn

6~cu

57Ni

‘ioco

58C0

~]co

56C0

55(.0

59Fe

52Fe

56Mn

5%n

“2tln

‘i(:r

“HCr

/, H
v

1,M
s(:

1~j
SC.

‘A~s(’

hhn,;,,

:1/1,.
.,[.

1, \,.,;.

“ ‘K

,’1,’
K

0.60

17,5

1,01

0,8

28.9

33.1

8,158

1,45

1. “30

o.fLJ

3.62

20,0

9,09

i?t,fh

(). 52

10.6

()./10

1,flfl

/1,IH

Ih:l

? ~lj

1,’)1

()./)/

I II),,
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Tmbla 4. Saiactad Spsllatlon Cross Soctiona From 800 llcV Protons on
HiCkal, ArS81iiC, Biamch, ●nd bad

Chemical u
1 Twe

nl

I’ll

0.4393

0.123)

[).;?2/6

Ni 0,9592 52Fm

59Fe

0.8577 43SC

44mSc

46s=

47SC

48S=

6LCU

64cb

6 ?Cu

66Ga

6 ?Ga

12Ga

2Lx+ ~

2.01T1

X)2T1

2 ()()T ~

“(’lTl

“(’2TI

1.54 *O.l J

0.306 f 0.048

7.02 t 0.83

7.34 fO.65

5.69 ? 0.49

1.49 f 0.13

0.249 k 0.022

?.01 f 0,68

Is.& ~ 1.6

1.51 to.13

11.6 kl,o

28.Ii + 2.4

).16 ! 0.21

II”!.8 * f’1.e

‘)0.> ~h.1

b , ‘]6 } ().f)q

hf.n I /.1

‘)16. I ~ ‘).9

Ill,) ~ 1.’1

C.-i.

C,’1’.

C,Y

1.Y.

I.Y.

I.Y.+ cmY.

1.Y.

C.Y,

I,Y.

(:,Y.

C.Y,

(:,y.

I.Y.~ (:.”{.

I.Y,I (:.Y.

f:.Y.

(:.Y,

IY,/1”’i

1: Y.

l:y,

. . . .. ..—- . .

I’1’ - lllllr}ll~lllh~lll‘1’11’111

l’.’i _ {:11111111/11 lvl~ Yll~lll



Table 5i Spallation Cross Sections From 800 lIaV Protons on RbBr

Cross Section
) -rvDe

8RY

82~r

83Sr
82sr

86Rb

84Rb

83Rb
82mRb

81Rb

82Br

80mBr
77Br

75Br
~s~e

13Se
72~e

76AS

“%

7‘As
69GCI
68Ge

6lCa
65Zn
6221,

I.Y.
C.Y.
C.Y.
C.Y.
C.Y.
C.Y.
C.Y.
I.Y.
C.Y.
C.Y,
1.Y.
C,Y.
C,Y,
C.Y.
C.Y.
C.Y.
1.Y.
I.Y.
C.Y.
:.Y.

c Y.
c Y
(;.Y,
C.Y,
C,Y.
l,Y.
c.Y,
c.Y.
(:.Y.
(:,”;,
(:.Y.
(:.Y.
I.Y.
I,Y,

(: Y,

I:,Y,

1: Y.

I.Y

I ‘i

1: Y

I ‘i. - 111(11~1)1* lltli$lll vll~lll

1: ‘1’ - (’11111111.11 [..~c, Vll,lll



Tablo 6. Spallation Cross Sactions From 800 MoV Protons on Vanadium

Cros9 Secrion
?luclide ~~

5’Mn 0.015 f 0,004* C.Y.

51Cr 2.2 f 0.3 C.Y.

413V 13 t 0.4 C.Y.

40~c 6.9 t 0.07 I.Y.

47~c 16 fo.7 C.Y.

46SC 25 t 0.9 I.Y.

47Ca 0,56 t 0.02 C.Y.

43K 5.3 t 0,3 C.Y.

&2K 12 t 0.4 I.Y.

%g 0,38 f 0.01 C,Y.

2LNa 2.3 f 0.03 C.Y.

22Na 1,1 f 0,04 C.Y.

‘Be 2.7 10.1 C.Y,

I.Y, - tndepende~ yield
C.Y. - Cumuiatlve yield
* ~l;lcerraint[esare IDlllimuMexperimental errors
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Tablo 7. Spallation Cross Soct?ons From 800 UaV Protons on Molybdenum

Cross Section
Yuclifje ,_bll12.l_ Type

96Tc
95qc

9%10

92m~

9 lm~

89Zr

88Zr

87Y

85Sr

82Sr

86Rb

84Rb

83Rb

77Br

75Se

74AS

7 LA9

65Zn

58C0

5’C0

56C0

59 Fe

52 tlrl

‘ilrr

lbI!v

““SC

..—_ ..—
[Y. - IIl(h’pellltelll ylt~ld
[:, ’(. - f:llllllll;lt [V(, V[el(l

1.8 f 0.2

0.56 f 0.04

8.8 f 0.2

9,7 fo.~

7.1 f ~,6

51?8

43 t 0.2

59il

48 t 0.7

23*I

l,L t 0.01

5.7 t 0.05

46 f 0.4

27 ? 0.9

+ {).326 _

A,6 f 0.04

12 *i).7

7.6 ? @.2

2.2 to.1

1.2 10.1

0,44 t 0.02

0,18 f 0.01

() 11 k 0.01

0./’) t C.ofl

().:’(l t 0,01

(),21 }. (;.01

C.Y.

C.Y.

C.Y.

I,Y,

C.Y.

C.Y.

C.Y.

C.Y.

C.Y.

C.Y.

C.Y.

C.Y.

C,Y.

C.Y.

C,Y.

I,Y.

C.Y.

C,Y,

c Y.

C,Y.

C.Y.

C,Y.

(:,Y.

C.y.

[:,Y.

(:.Y.
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Table 8. Spallation Yfalds From 800 lfaV Protons on Tantalum

t
.$sotoDe /2

172Hf

L75Hf

l~9m2Hf

178m2Hf

~73Lu

174Lu

174mLu

177m-177Lu

169W

170Tm

‘68Tm

167Tm

146Gd

1L8Gd

15oGd

L51cd

‘%d

‘&7Eu

14HKU

]/,9Fu
.

‘ ‘OEU

Ih’)s,n

I ;b[)
S m

:~1},
1 m

I {lib ,,ln

I )’)
[:t!

~.a7y

7od

25d

31y

1.37y

3.3y

142d

161d(6.7d)

32d

129d

93d

9.3d

48d

75y

2 x lo6y

120d

242d

24d

55d

9’Jd

)f)y

\/,()(1

/ x ldy

:/1’)({

)() J(I

I )13(1

6.7

58

8.5

10

0.11

0.19

0.047

20

0.04

0,38

15

2.4

0,009

1.5

(3.9

1,81

0.084

2.25

2.1 x Lo-”

(), )’)

0. LO

) /, x 10 J

(),0)?

6.0

5.4

0.3

0.04 (est.)

6.6

0,16

0,04

0.01

1.2

0,01

0.05

0.17

O.LI

0.28

0.21

0

0

5.

n

).1 x IIJ-)

0.12

().()1

c) .’) x l[)”;’

/4,/% lo
\


