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RESIDUAL RADIATION OF THE LRL 184-INCH CYCLOTRON 

R. W. Boom, K. S. Toth, and A. Zucker 

ABSTRACT 

Residual radioactivity at the Lawrence Radiation Laboratory 184-Inch 

Cyclotron was measured during November 1960 in connection with similar 

problems which may be encountered with a high-intensity, 850-Mev accelera- 

tor. The five-day study was conducted along three principal lines : (1) 

general survey of radiation levels in the cyclotron vault, (2) activation 

of foils placed near the cyclotron, and (3) gamma-ray spectra of the cy- 

clotron gap region, including dee structure. Initial radiation levels 

were less than 8 r/hr, and these dropped to about 10 mr/hr after 48 hr. 

The observed activities induced In copper foils were ~u~~ and ~ 0 ~ ~ ;  in 

iron foils, Mn52, and Mn56; in aluminum foils, ~ a ~ ~ .  The gamma-ray 

spectra from the gap region included two intense long-lived peaks, at 510 

and 810 kev, due principally too ~ 0 ~ ~ .  It is concluded that a 100-pa, 850- 

Mev cyclotron will be highly radioactive, but at a level which can be 

handled with fairly straightforward techniques. 

INTRODUCTION 

The problem of residual radiation in high-energy accelerators be- 

comes increasingly serious as the beam intensity of the machines Increases. 

The Oak Ridge National Laboratory is investigating the possibility of con- 

structing an 850-Mev proton cyclotron with beams of the order of 100 pa. 

It is obvious that this accelerator will present serious residual radia- 

tion problems. Its components will be highly radioactive and will have 

tan he ha.nd.led remotely> and the cyclotron vault i'tself, may. be so active 

as to require limited access to it for adjustments and maintenance. 

There are at least three approaches which may render this problem - 

manageable: (1) beam selection, steering, and control, which will care- 

fully define the beam in the initial orbits and will then minimize losses 

of high-energy particles, (2) choice of construction materials to mini- 

mize reactions leading to long-lived gamma emitters, and (3) design of the 

cyclotron in a way to permit remote maintenance and incorporation of 

gamma- ray shielding. 



To study these problems firsthand a group from ORNL investigated the 

res idual  radioact ivi ty  of the  Lawrence Radiation 1a.boratol.y- 184-Inch Cy- 

clotron during a five-day shutdown i n  November 1960. The. 184-in. cyclo- 

t r o n  i s  used t o  prpduce a beam of 730-~ev protons about 70% of the opera- 

t i o n  time; deuterons o r  alpha par t ic les  are  a l so  accelerated i n  the machine. 

The beam current averages about 1 pa. The cyclotron i s  operated three. 

s h i f t s  per day, seven days per week. Thus a factor  of 100 i n  residual ac- 

t i v i t y  may be expected between the 184-in. and the 850-Mev cyclotrons if 

none of the  preventive measures prove efficacious.  

The study of radioact ivi ty  was conducted i n  three ways: 

1.. A. ra.d.i.al;ion monitor was uaed t o  meeau'e backgrvwid radl.a,tlnn YrBm 

various par t s  of the 184-in. cyclotron and i n  the vault  area. A decay 

curve fo r  the radiat ion was obtained. 

2. A 3 X 3 in .  NaI c r y s t a l  was placed i n  a large lead collimator and 

pointed a t  the cyclotron magnet gap near \ the  probe position. The dee, dee 

. support, l i ne r ,  and magnet pole pieces a l l  contributed t o  the spectra ob- 

..'. tained. A 256-channel pulse-height analyzer was used t o  obtain the spectra. 

The g m a - r a y . s p e c t r a  were followed fo r  f ive  days. 

3 .  Foils  of iron, s t a in l e s s  s t ee l ,  copper, and aluminum were aff ixed 
'" 

t o  t h e  cyclotron vacuum tank f o r  a few days before shutdown. The gamma- 

" .  ray spectra from these foj.3.s were measured with a 2 X 4 in .  NaI c~.ys~l;al, 

and the induced a c t i v i t i e s  were ident i f ied R s ~ m  the gamma-ray energies and 

half- l ives .  The gamma-ray spectrum of a.n i ron screw which, had bccn i n  the 

cyclotron f o r  many years was also- measured, and its decay i s  s t i l l  being 

followed. 

From these data, conc1i.zsions were drawn regarding $he induced-radio- 

a c t i v i t y  problem i n  an 850-Mev cyclotron., and some suggestions are  made 

concerning construction materials. 

Since the experimental techniques of radiation dosimetry and gamma- 

ray s c i n t i l l a t i o n  spectroscopy are very well  known, we dwell l i t t l e  on the 

d e t a i l s  of the measurements and confine ourselves pr incipal ly  t o  giving 

resu l t s .  



RESULTS 

Dose Measurements 

The instrument used fo r  dose measurements was a calibrated Geiger 

counter supplied by G. S. Hurst and E. B. Wagner of the Health Physics 

Division. Measurements made with it s ta r ted  about 30 min a f t e r  shutdown 

and continued for  f ive  days. The positions a t  which the measurements 

were made are  marked A-F i n  Fig. 1. Table 1 l i s t s  the i n i t i a l  radiat ion 

l eve l  a t  each position, i t s  approximate ha l f - l i fe ,  and the residual  level  

reached a t  about 48 hr  a f t e r  shutdown. The residual  l eve l  did not show 

any appreci able decay over the remaining three days. The dose measure- 

ments were hampered by the f ac t  t ha t  the cyclotron vacuum system was blown 

UNCLASSIFIED 
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Fig. 1. Schematic Representation of the 184.-in. Cyclotron Vault. 
The points marked A-F are posit ions where dosimeter readings were taken; 
the point S i s  the posit ion of the gamma-ray spectrometer. 



Table 1. Radiation Levels a t  Various Positions i n  the Cyclotron Vault 
(see Fig. 1) 

I n i t i a l  Level After Approximate Location Radiation Level 48 h r  Half -Life 

B 2.5 r /hr  15 mr/.hr 3 h r  and long 

C 80 mr/hr 9 m / h r  Indeterminate 

D 150 mr/hr 10 mr/hr 12  h r  and long 

11 mr/hr 3 h r  and long - 

10 ~rr.r/hr lndete rminate 

G 110 mr/hr 10 mr/hr 12 h r  and long 

Note : Fluctuations i n  readings, possib1.y due t o  construction ac- 
t i v i t y  and/or Geiger counter performance, make long-half-l ife determi- 
nations impossible. 

out under pressure about 9 h r  a f t e r  shutdown; the radiat ion levels  in- 

creased a t  a l l  posit ions a t  t h i s  time. Similarly, when the compressor 

was shut down the radiat ion levels  dropped. The residual radiation levels 

reported here were corroborated by measurements made with several Lawrence 

" Radiation Laboratory survey instruments. Some d i f f i c u l t i e s  with the Geiger 

counter were experienced i n  the  course of the measurements, and the resu l t s  

i n  Table 1 are probably good only t o  a fac tor  of 2. 

T'he integrated dose as recorded on two se t s  of film badges worn i n  

the  cyclotron 'vault a l so  substantiates the resu l t s  of the Geiger counter 

dosimeter measwernents . 
Gamma -Ray Spectra 

The gamma-ray spectra* taken with the 3 x 3 in .  NaI c rys ta l  a t  the 

cyclotron gap s ta r ted  about. 8 h r  a f t e r  ~ h l l t , d n w n . .  One or  two upcctl-a were 

taken e a r l i e r ,  but d i f f i c u l t i e s  with the 256-channel analyzer ~uade sys- 

tematic measurements possible only a f t e r  8 hr. Thus, much of the short- 

l ived  ac t iv i ty '  was missed, but then, the longer l ived a c t i v i t i e s  are  of 

greater  interest. 

Qe spectrometer was supplied by C.  C .  Harris and J. E .  Francis, Jr., 
of the Thermonuclear Research Division. 



Measurements were taken a t  posit ion S in ,F ig .  1. The NaI c rys t a l  

was completely shielded with 2 in .  of lead except f o r  a l - in .  - d i m  hole 

8 in .  deep, aimed a t  the median plane of the cyclotron. A lead plug could 

be inserted i n  the hole t o  provide fo r  background measurement. When the 

counter was pointed away from the median plane, say a t  the pole base, the 

spectra were ident ica l  i n  shape and in tens i ty  t o  the background spectra. 

From t h i s  it . i s  concluded tha t  the important source of radiation i n  the 

cyclotron comes from the gap and the s t ructures  i n  it, rather  than from 

neutron-induced ac t iv i t i e s  i n  the magnet yoke or other peripheral equip- 

ment. 

Each measurement of a gamma spectrum was followed by a background 

coull-1;. taken for  the same analyzer l i ve  time. The background was sub- 

t racted from the gross count t o  obtain a net gamma-ray spectrum. Alto- 

gether, 11 such meas~ueinel~ts were taken; Fig. 2 shows one of the net 

spectra. This run was 96 h r  a f t e r  shutdown; only the a c t i v i t i e s  longer 

than 10 h r  were measured. An energy cal ibrat ion was taken immediately 

before o r  a.fier each run; an ~a~~ source was used. 

The spectrum i n  Fig. 2 was unfolded by taking in to  account the spec- 
, trometer resolution, NaI c rys t a l  stopping efficiency, f ract ion of gammas 
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i n  the photopeak, and the f i l t e r i n g  e f fec t  through an Al faceplate on the 

cyclotron v a c u h  tank immediately opposite the spectrometer. A 12-hr 

positron emitter was iden t i f i ed  as C U ~ ~ . .  The ~0~~ ac t iv i ty  was ident i -  

f i e d  from the high-energy l ines  present i n  the spectrum. The ~0~~ gamma- 

ray in t ens i t i e s  calculated from the unfolding procedure agree very well  

with published t r ans i t ion  probabili t ies,1 as  shown i n  Table 2. , After the 

proper subtractions were made, co60 was a l so  found i n  the long-lived spec- 

trum. 'There remained the 810-kev l ine  and additional positron annihila- 

t i o n  a t  510 kev. The 810-kev l ine  could be due t o  co5' or, with a small 

Table 2. Comparison of Observed Gamma-Ray I n t e n ~ i t i e ~ s  with Published 
values Lis ted i n  the  a able of ~so topes , "  D. Strominger, J. M. Hollander, 

and G. T. Seaborg, Revs. Modern Phys. - 30, 585 (1958) 

Isotope 
Gamma- Ray 

Energy (Mev) , 

Relative Gama-Ray Intensi ty  

Observed Predicted 

*Peak unfolded from complex spectrum. 
**Not fourid. 



s h i f t  i n  energy, t o  Mn54, The positron annihilation did not show any ob- 

servable decay over a three-day period. Many combinations of a c t i v i t i e s  

were t r i ed ,  including various amounts of Mn5* and Mn54, and the best f i t  

was obtained i f  a l l  the 810-kev radiation was assigned t o  ~ 0 ~ ~ .  I n  t h i s  

way the remainder of the 510-kev peak could be accounted fo r  as being due 

t o  ~ 0 ~ ~ .  The 510-kev peak was approximately constant and did not show 

any decay i n  f ive days; it could thus not be due t o  Mn52. 

The magnet gap of the cyclotron a t  which the spectrometer was pointed 

contains a variety of materials; these include s t ee l  (pole pi.eces), copper 

(dee and l i n e r  structure 1, and s ta in less  s t ee l  ( support structure ) . Part 

of t h i s  s ta inless  s t ee l  support s t ructure,  a member 1 i n .  thick, 10 in.  

wide, and 10 f t  long, was closest  t o  the crystal ;  thus, the spectra present 

a picture i n  which the importance of s ta in less  s t ee l  i s  greate.r than it 

would be f o r  the average radiation from the gap regLon. 

The radiation hazard, as  indicated i n  Fig. 2, i s  due t o  the 510- 

and 810-kev l ines .  These are  due t o  C O ~ ~ ,  although a s  much as  20% of 

the 810-lrev peak may be d1.1.e t o  the 830-kev radiation from Mn54 and 

some of the 510-kev peak i s  from C O ~ ~ .  Some of the 510-kev peak may 

a lso  be from Mn5* decay. The source of the ~o~~ can be spal la t ion of 

Cu (bombardment of Cu with 340-Mev protons showed the y ie ld  of t o  

be grea ter  than tha t  of any other radioactive product2), or ( n , ~ )  re- . . 

actions i n  the nickel content of the s ta in less  s t ee l .  These two pos- 

s i b i l i t i e s  could not be distinguished on the basis  o f  present measure- 

ment s .  

A peculiar resu l t  of t h i s  measurement i s  the absence of a large 

amount of Mn54 ac t iv i ty .  This i s  interpreted t o  indicate tha t  materials 

i n  the median plane, such as  the s ta in less  s t ee l  support structure or 

the copper dees themselves, are a greater  source of radioact ivi ty  than 

the magnet pole pieces. It w i l l  be seen i n  the next SeCtlun thaL ~ 1 ' ~  

i s  by f a r  the main long-lived ac t iv i ty  induced i n  iron. 

The resu l t s  of t h i s  gamma-ray survey are  l imited fo r  two reasons. 

One was the inabi l i ty ,  because of cnnstnnction during the cyclotron 

shutdown, t o  move the spectrometer about the vault t o  obtain spectra 

a t  different  positions. The spectra obtained are, therefore, not 

character is t ic  of the en t i re  machine. It i s  known, for  instance, t ha t  



the region of the meson port  and the deflector  are much more radioactive 

than the pa r t  of the gap seen by the NaI crystal .  Furthermore, d.li.ring 

,the f ive  days of the shutdown no re l iab le  decay curves could be .obtained 

f o r  any a c t i v i t y  with a ha l f - l i f e  longer than a few days. I n  fac t  the 

changes i n  the radiat ion pat tern resul t ing from construction work permit 

the ident i f ica t ion  of only one -half- l i fe . :  t ha t  of the 12-hr ~u~~ anni- 

h i l a t ion  radiation. All  the other a c t i v i t i e s  shown i n  Fig. 2 do not 

seem t o  decay and are  thus considered simply a s  having ha l f - l ives  longer 

than a week. 

Act iv i t ies  Induced i n  Metal Foi ls  - 
- 

A few  day^ before the shutdown, f o i l s  of aluminum, copper, iron, 

and s t a in l e s s  s t e e l  were affixed a t  various posit ions o'n t,he wa.l?..s of 

the cyclotron vault  and on the cyclotron vacuum tank. Startl.n& 39 min 

a f t e r  skl,utdown, gamma-ray spectra. of the a c t i v i t i e s  induced i n  these f o i l s  

were investigated with a 2 x 4 in.  NaI c rys ta l  connected t o  a 100-channel 

pulse analyzer. Act ivi t ies  were ident i f ied  by means of t h e i r  gamma-ray 

energies and half  -lives . 
The main ac t iv i ty  found i n  aluminum was ~a~~ (15.0-hr) . The f f r s t  

g m a - r a y  spectrum taken of one of the aluminum f ~ i l s  showed t,hc presence 

of Mg27 (9.5-min), but t h i s  isotope had essent ia l ly  decayed by the time 

counting was in i t i a t ed .  A positron annihilation peak possessing a 2-hr 

h a l f - l i f e  was a l so  observed; t h i s  would seem t o  indicate the presence of 

F ~ ~ .  Aluminum.foils counted two weeks a f t e r  shutdown showed no ac t iv i ty .  

The chief a c t i v i t y  induced i n  copper was fbund t o  be ~u~~ .(12.8-hr). 

One of the copper samples was wrapped i n  cadmium pr io r  t o  i r rad ia t ion  t u  

eliminate reactions due t o  slow neutrons. The cadmium-wrapped sample was 

then l e f t  veiy near a copper sample of approximately equal size but not 

wrapped i n  cadmium. After i r rad ia t ion  it was determined t h a t  the r a t i o  

of ~u~~ ac t iv i ty  i n  the ca.d-mi~un-wra-pped ~slmplc (due only t o  t a s k  par t i c l e s )  

t o  t h a t  i n  the uncovered f o i l  was -111.6. Two weeks a f t e r  shutdown the 

copper samples displayed two prominent gamma-ray peaks a t  510 and 820 

kev. When the samples were counted agarin, t.hree months i f t e r  thc ahut- 

down, the counting ra te  of ea'ch of the two peaks was found t o  have de- 

creased by a factor  of 2. It was then concluded.that the two pe'aks ' 



belong t o  ~o~~ (71-day) which i s  produced with a l a rge  cross  sect ion 

from spa l la t ion  of copper. 

I n i t i a l l y ,  the  i ron  and s t a i n l e s s  s t e e l  samples showed two main 

a c t i v i t i e s ,  Mn56 (2.6-hr) and Mn52 (5. 7-day). Samples placed i n  the  

median plane showed l a rge r  amounts of Mn52 than those placed above the  

median plane, a s  expected, because Mn52 should be produced i n  react ions  

induced by f a s t  pa r t i c l e s .  Two weeks a f t e r  shutdown the  samples a l l  

showed Mn52 t o  be the  dominating a c t i v i t y .  The samples were counted 

once again, three moxxl;hs a f t e r  shutdown. A t  t h i s  time the  f o i l s  d i s -  

played gamma-ray spectra with three  prominent peaks: 320, 510, and 

820 kev. The three  peaks varied i n  i n t ens i t y  r e l a t i ve  t o  one another, 

depending on whether the  f o i l s  were s t a i n l e s s  s t e e l  o r  i ron.  The s t a in -  

l e s s  s t e e l  f o i l s  were known t o  contain 10% nickel  and 20% chromium. In- 

deed, tho 320- and 510-kev peaks were much more intense, r e l a t i v e  t o  the  

820-kev, i n  the  s t a i n l e s s  s t e e l  than i n  the  i r on  f o i l s .  The 320-kev 

gamma ray i s  due presumably t o  cr51 (27-day) and can be produced by 
. . 

means of spa l la t ion  of' i ron.  I n  the  s t a i n l e s s  s t e e l  samples t he  cr51 ' 
can a l s o  be produced by react ions  on chromium. The 510-kev peak i n  

i r on  samples i s  probably due t o  e i t h e r  (77-day) and/or ~0~~ (71- 

day). The twb isotopes may be produced by (p,xn) react ions  on i ron .  

I n . t h e  s t a in l e s s  s t e e l ,  ~0~~ can a l s o  be produced by an (n,p) react ion 

on ~i~ 8. The presence of the  510-kev peak i n  a -pa r t i cu l a r  spectrum 

accounted f o r  p a r t  of the 820-kev peak. The remainder of the l a t t e r  

peak i s  presumably due t o  Mn54 (300-day) produced by various react ions  

on i ron.  I n  t h i s  connection, an i r on  screw taken ,ou t  of the  cyclotron 

vacuum tank a t  the  time of the  shutdown contained, three  months l a t e r ,  

only one intense garma ray, the 830-kev gamma ray. Only suggestions 

of peaks a t  320 and 510 kev were v i s i b l e .  Figure 3 shows t h i s  gamma-ray 

spectrum. Since the  screw had been i r r a d i a t e d  f o r  a considerably longer 

amount of time than any of the  other  samples, it i s  not  surpr is ing t h a t  

it should contain more of the  longer-l ived Mn54. The peaks a t  1120 and 

13OU kev 3 )  probably belong t o  ~ e "  decay, though the  h a l f - l i f e  of 

these  peaks has not  been detcmnined. 



. . Fig. 3. Gamma-Ray Spectrum of an xron Screw Taken Out of the Cy- 
clotron-vacuum Tank. The spectrum was obtained approximately three 
months a f t e r  the cyclotron shutdowzi with the use of a 1-1/2 x 1-112 in.  
NaI c rys t a l  detector. 

CONCLUSIONS 

. The ra6ia t ion . leve l  i n  the 184-in. cyclotron i s  just  about tolera'ble. 

It i s  possible t o  go i n t o  the vault immediately a f t e r  the beam i s  turned 

off t o  make quick changes o r  emergency repairs.  After cooling f o r  about 

a day, the radiation l eve l  in. the cyclu.l;ron .vault f s such tl.1u.b a person 

can safely spend an 8-hr day i n  it, provided he  stay^ a few fee t  away from 

the one o r  two most active spots. Ekternal radiation sources, such as  

meson por ts ,  are quite radioactive, but could be handled e i the r  by very 

f a s t  work or  with too l s  which allow the person t o  be about 3 f t  away. 

The dees and other s t ructures  i n  the magnetic gap are; on the other hand, 

highly radioactive. since no measurements were made on them, we can not 

evaluate jus t  how dangerous they would be. S t i l l ,  a few,inche.s of s t e e l  

and a few fee t  of distance make the radioactivity of the dees quite harm- 

l e s s .  



The 850-Mev cyclotron would, however, present much more serious 

radiation problems i f  it i s  assumed tha t  i t s  residual radioact ivi ty  

i s  100 times tha t  of the 184-in. cyclotron. Levels of several hundred 

r /hr  would probably prevail  immediately a f t e r  the beam i s  turned off,  

and they would decay t o  background dose ra tes  of about 0.5 r/hr.  This 

means tha t  no quick adjustments or repairs  could be made a f t e r  the machine 

i s  shut down, and even a f t e r  cooling down, a person could only spend an 

hoilr or so i n  the cyrlotron vaiilt,. 

These estimates apply t o  a cyclotron constructed i n  a conventional 

way, with no special provisions f o r  handling the residual radioactivity 

problem. The s i tuat ion,  however, i s  not nearly so bleak. Present-day 

techniques allow a great deal of work t o  be done i n  radiation f i e l d s  be- 

tween 1 and 100 r /hr .  Furthermore, a careful choice of materials of 

construction, fo r  example, using a s  much aluminum a s  possible and very 

l i t t l e  s ta in less  s t ee l ,  should reduce the radiation problem signif icant ly.  

Aluminum yields  no long-lived ac t iv i t i e s ,  while ~o~~ i s  produced from 

copper. In  addition, the r a t i o  of ~a~~ yield from aluminum t o  t h a t  of 

~u~~ from copper was found t o  be : C U ~ ~ / N ~ ~ ~  50/1, t h i s  r a t i o  being 

good t o  within a factor  of 2. Stainless  s t e e l  produces two long-lived 

isotopes, and Mn54, while only ~n~~ i s  induced i n  iron. Good con- 

t r o l  of the beam both during acceleration and during deflection should 

a l so  help i n  reducing the radiation problem. Altogether, it i s  not i m -  

probable tha t  by these two methods one might reduce the residual ac t iv i ty  

by as  much as  an order of magnitude from the 0.5 t o  100 r /hr  estimate, a t  

l e a s t  i n  some par t s  of the cyclotron vault. 

Shielding against t h i s  radiation i s  a l so  not very d i f f i c u l t .  Most 

of the ac t iv i ty  i s  evidently i n  the 510- and 810-kev peaks, and the half-  

thickness i n  lead Yor gamma rays or  t h i s  energy i s  0.b cm. To reduce the 

radiation by an order of magnitude one needs only 2 cm of lead - an amount 

tha t  can readily be made in to  a portable shield. Shadow shields of 6 cm 

of lead would reduce even the 100 r /hr  radiation f i e l d  t o  a quite to l e r -  

able 100 mr/hr. The same radiation has a half  -thickness of 4 cm f o r  con- 

crete.  One might, therefore, have permanent shadow shielding i n  the cy- 

clotron vault t o  allow entry soon a f t e r  beam turnoyf and achieve safe access 

t o  cer tain key par t s  such as  valves, the ion source, and r f  components. 



Finally, considerable a t ten t ion  wi l l  have t o  be paid t o  remote 

handling of highly radioactive par t s  of the accelerator, such as  dee 

s t ructures  and ports.  Shielded aging p i t s  w i i l  have t o  be provided fo r  

cooling, a s  well a s  hot c e l l s  fo r  repairs  of highly radioactive cyclotron 

components . 
Our conclusion i s  t h a t ' a n  850-Mev cyclotron producing 100 pa of 

protons w i l l  be highly radioactive, but a t  a l eve l  t ha t  can be handled 

by using f a i r l y  straightforward techniques and precautions. Care w i l l  

have t o  be 'taken i n  selecting construction materials and i n  designing 

the layout i n  the ,vau l t ,  so t h a t  the machine can be maintained and re- 

paired safely and most simply, 

The authors are  indebted t o  the s t a f f  of the Lawrence Radiation Labo- 

. ratory f o r  making t h i s  measurement possible. We wish t o  thank B. J..Moyer 

, fo r  h i s  advice, and H. W. Patterson, R. W. Wallace, L.. D. Stephens, and , . . 

. J. T. Vale fo r  t h e i r  help i n  the course of these measurements and fo r '  t h e i r  

cooperation i n  general. 
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