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Critical Masses of Cylinders of Plutonium Diluted 
with Other Metals* 

I bitwsit,y of Californin, Los ,4lanros ScientiJic Laboratory, Los Alamos, G.4~ .1 J&co 

Rereitjed June 6, I !~60 

C’ri 
Stwl, 

G-in. rxtios with 
in 0, 2, 4.5, 

or X-in. thkk uranium wflwtors and in 2, 4.5, or U-in. thick thorium r&ytors. From thcsp 
witicaul mttsws of plutonium hwcb Iwn 
plutonium for tt varivtv of nx~tckds. ., 

of rrprcsent ative st ructual and fertile matSerials on 

the size of plutoilium-frlclcd fast reactors. This is to 
lw utwmplished most gwcrally by using the r+ .X 

of apprc lpria t c S,, mult igroup c~aMat.ions ( 1) . 

in one of t hc l’ajaritlo laboratories for wrnot~~ opwx- 
tion was used for t,hese mcwurt?mcM s. ‘l’his machiw 
wnsist s of a hydraulic lift dirwt ly l,cwath a sttl- 

( Fig. I ) , a  0.015~in. t)hick stainless steel dinphl*agm 
was used to support, t,hc upper portion of t hta IW- 

t#erial. For t’he reflected systems, however, a hwv y- . 
dutly st.cel platform supported t:he peripheral w- 
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FIG. 1. Setup for me:t~urcment~s of unreflected dilute Pu evlindew on Comet univcrd :wwmMy machine, . 

Aftor disassembly, Pu and diluent. materials were RESULTS 
added, and tlhc procedure rcpeat.ed until a ssfet,y 
limit) corresponding t,o a multliplicat~ion of 100 w:~s 
approached or the mat,erial was exhausted. Where 
high multiplication was at.tainable, measurements 
such as this permitSted extrapolation to the delayed 
critical configuration. In addition, end reflector 
savings were det!ermined by placing +-in. thick 
disks of various mat,erials on top of t,he ot,herwise 
unreflected T’u cylinder. Results, expressed in cm 
of plutonium, are included as an appendix t’o t,his 
paper. 

For tlhc reflcc~t ed systems, the latleral uranium 
reflect or was seat cd 01; the steel platform (reflector 
height, was adjusted with height of t#he I’u cylinder). 
The l’u and dilucnt disks were assembled on the 

Curves were plotted based upon the count,ing 
r&es recorded for each configuration, and extra- 
polated crit!ical mass values determined. 1% mass (a, 
quantity proportional to the neutron source 
strength) divided by counting rate less background 
vs plutonium mass was always plot’ted in course of 
the experiment, where reasonably high counting 
rates were attainable (Fig. 4). For those dilute 
systems where high counting rates were unattain- 
able, it was more convenient, to use reciprocal 
(height plus extrapolat.ion length) squared as t4hc 
abscissa so as t)o obtlain approsim:&Ay linear plots 
as illustrated in Fig. 5. Tables I through IV sum- 
marize the critical cylinder specificzltions. 

lift with proper thickness of reflect or on top and 
Mtom and Cn(aased in a 0.030~ill. thick st,eel guide ESTIMATION OF SPHEMCAL CRITIWL MASSIX 

sleeve. This nrrangemt~llt, is illustrated in Figs. 2 In order t,o see qualit,at.ively the dependence of 
alld 3. The (*arc was raised remotely illto the re- cri t,icttl size on material composit#ion , subject to fixed 
flcctor annulus for a series of neutro11 cour~ts 21s 
described in t,htt unreflected case. 

geometrical shape, we have included in Tables I-IV 
an estimate of the spherical critical mass corrcspond- 
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FIG. 2. JXlutc l’u cylinder (Pu:Um = 12) stacked on lift with X-in. thick reflector cvlinders 011 top and bottom of . 
core. 
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TABLX I 

Critical Parmotors of Unreflected 5.967-In. Dlrn Pu Cylinders 

Diluted with Other Motrls 

Final measured configumtion 
Nominal 

volume ratio Mass Pu 

Diluenta 
of Pu to element 
diluent -(kg) 

Extrapolated 
critical mass 

-kg Pu 

Critical conflgur8tion 
Critical Core-average 

densities (g/cc) height 
princip81 

Pu dfluent Ni 

Estlmatsd 
spherical 
critical 
mass-kg Pu 

None LI 20.24 21.39 3.23 14.27 -- 0.651 17.5 

Depleted 
uranium 

2:l 25.24 27.3 6.066 9.83 5.97 0.448 24.7 

Steel 2:l 27.06 32.8 7.32 9.78 2.50 0.446 20.6 
(SS 304) 

Th 2:l 27.06 35.2 7.85 9.70 3.62 0.446 30.1 

Al 2:l 27.06 37 .o 8.b3 9.69 0.83 0.441 31.1 
(1lOOF) 

Depleted 
uranium 

1: 1 27.06 Not critical > 

1:l 27.95 Not critical > 

a Depleted uranium In cores cont8lns 0.28% U235; the average content of reflector parts is not known. 

TABLE II 

Critical Parameters of 2-in. Thick Uranium Reflected 5.96%in. Diam Pu Cylinders 

Diluted with Other Metals 

Final seasured configuration Critical configuratlon 
Nosinal Critical Core-average Estimated 

Diluent 

volume ratio Mass h Extrapolated height dmsities (g&x) 
of pu to element 

spherical 
critical aams critical 

-(kg) 
principal 

diluent -kg Pu Pu diluent Ni urns-kg Pu 

None 10.73 

2:l 12.53 

14.10 

9.71 

0.652 

0.446 

8.5 

11.6 

-I 

9.95 Depleted 
uranium 

Steel 
(SS 304) 

2:l 13.92 14.10 3.155 9.75 2.51 0.446 12.9 

Th 2:l 

2:l 

14.30 

14.15 

14.70 

14.30 

3.291 

3.227 

9.74 

9.72 

3.63 

0.839 

0.446 

0.446 

13.6 

13.5 Al 
( 1 lOOF) 

Air 2:l 

1:l 

14.42 

15.39 

15.05 

15.60 

3.29 

4.561 

9.97 

7.46 

0.455 

0.339 

14.6 

15.0 

-- 

9.03 Depleted 
uranium 

Steel 1:l 18.72 

1:l 19.84 

1:i 19.63 

19 .oo 5’. 580 7.43 3.78 0.338 18 .I 

20.65 6.017 7.49 5.55 0.341 20.1 

19.07 5.704 7.49 1.28 0.341 19.5 

Th 

Al 
( 1 lOOF) 

Air x:1 

1:2 

21.66 

27.06 

22.38 

28.92 

6.43 

12.491 

7.60 

5.05 

0.346 

0.230 

22.3 

21.7 

m m  

12.22 Depleted 
ur8nium 

Steel 1:2 27.03 Not critical > 

Depleted 
uranium 

1:3 27.03 Not critic81 > 
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TABLE III 

Critical Parameters of 4.5.in. Thick Uranium Reflected 5.967-h. Dlam Pu Cylinderr 

Diluted with Other Metals 

Final measured configuration Critic81 configuration 
Nominal Critical Core-average Estimated 

Dlluent 

volume r8tio Ad886 Pu Extrapolated height densities (g/cc) spherical 
of Pu to element critlc81 mama princip81 critic81 
diluent -(kg) -kg Pu Pu diluent Ni maw-kg Pu 

None 0.99 

0.99 

9.28 

10.62 

14.26 -- 0.652 

9.65 5.88 0.441 

1.419 

2.40 

7.1 

9.1 

-- 
2:l mpleted 

ur8nlum 

Steel 
(SS 304) 

2:l 10.57 11.22 2.59 9.46 2.48 0.441 9.9 

Th 2:l 

2:1 

10.76 

10.76 

11.70 

11.55 

2.62 

2.58 

9.75 3.65 0.447 10.5 

9.75 0.841 0.447 10.5 Al 
(1100F) 

Air 2:l 

1:l 

10.83 11.79 2.59 9.95 -- 

12.55 12.65 3.72 7.42 9.08 

0.453 

0.340 

11.1 

11.8 Depleted 
uranium 

ste.1 1:l 14.35 14.48 4.26 7.42 3.81 0.340 13.9 

1:l 15.24 15.38 4.51 7.44 5.55 0.341 15.1 

1:l 14.3s 14.77 4.34 7.42 0.761 0.340 14.7 

Th 

Al 
(1lOoT) 

Air 1:l 

1:2 

15.38 

17.98 

15.67 

18.S5 

4.46 

7.99 

7.65 -- 

5.06 12.28 

0.348 

0.231 

15.9 

16.7 Doplotod 
urmium 

St.01 1:2 24.31 25.32 10.97 5.04 5.14 0.230 21.1 

1:2 27.95 29.97 12.90 5.07 7.70 0.231 24.1 

1:2 26.13 26.42 11.42 5.05 1.75 0.230 22.4 

Th 

Al 
(11001) 

12.84 

61.8 

5.11 -- 

3.81 13.67 

0.233 

0.174 

28.3 

25.7 

1:2 

1:3 

27.03 

27.16 

30.10 

107.9 

Air 

Doploted 
uranium 

stoe1 
(58 3041 

1:3 28.05 Not critical > 
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TABLE IV 

Critical Pwulntorm of 7.5-in. Thick Uraaium Reflected 5.9674~ Dim PU 

Cylinders Diluted with Other Mot818 

Final nuured configuration 
Nail&81 

rolumo rrtio Y888 b 
of Pu to eloD8nt 

Diluont diluont -(kg) 

gXtt8@8ted 
crit Ical ma88 

-kg Pu 

Critical confA#urrrtion 
Critic81 cOrO-8VOt8gO Bst iuted 

height dOn8iti.8 (n/cc) 8phOriCal 
princip81 critical 

Pu dlluont Ni U88-k# h 

NON 8.04 

10.32 

8.96 

10.35 

14.23 

9.77 

-- 
2:l 

-- 0.652 6.6 

5.94 0.447 8.8 

2:1 10.76 10.88 2.43 9.76 2.51 0.447 9.5 

2:l 

2:l 

10.76 

10.76 

11.13 

11.04 

2.49 

2.47 

9.76 

9.76 

3.63 0.447 9.9 

0.040 0.447 9.9 

2:l 

1:l 

10 A0 

11.73 

11.2s 

11.96 

2.47 

3.51 

9.92 

7.44 

-a 

9.05 

0.453 

0.339 

10.4 

11.0 

1:l 13.33 13.55 3.97 7.45 3.80 0.339 12.7 

1:1 

1: 1 

14.19 

13.54 

14.25 

13.70 

4.14 

3.98 

7.51 5.57 0.343 13.7 

7.50 1.28 0.342 13.2 

1:l 

1:2 

14.41 14.58 7.62 

16.66 16.91 

4.10 

7.29 S.06 

- 0 340 14.6 

12.27 0.231 15.5 

1:2 21.67 21.78 9.49 5.01 0.228 

Th 1:2 25.04 25.1s 10.83 

1:2 22.3s 22.36 9.65 

S.07 

5.05 

1:2 

1:3 

24.37 24.83 10.58 s.12 

27.03 36.13 17.24 3.81 

5.11 

7.49 

1.75 

- 

13.07 

0.231 

0.230 

0.233 

0.174 

19.3 

21.7 

20.2 

14.9 

19.2 

Depleted 
ur8niur 

Steel 
(SS 304) 

Th 

Al 
(11OOF) 

Air 

Depleted 
urmiun 

St.81 
(SS 304) 

Th 

Al 
(1 lOOF) 

Air 

Dep1et.d 
ur8niua 

Steel 
(SS 304) 

Al 
(1lOOF) 

Air 

Depleted 
ur8nium 

St-1 
as 304) 

1:3 27.03 < Not critic81 > 

reflected hy 2, 4.5, and ‘7.5-h thick thorium. l’ht 
fissiouahle material, diluent, plates, assembly nw 
chine, alid procedure were as previously descritwd. 
The thorium refiect,or wnsist.ed of concentric 
cylinders that duplicated the uranium reflector 
pieces, the only wique feat we being that matitlg 
surfaces of the thorium rings were plated with 
0.001 -ill. thick chromium to prevent1 galling. 

TatAes 1’ through VII summarize the witival 
cylinder specifications together with an estirnatr 
of the spheric&al critical mass corresponding to ewh 
cylinder measurement . 

(2 ) The value A,( .r, C, h/d) of a cylindrical core of 
material .I*, height to diamet.er ratio h/d, reflected by 
a thickness t of uranium was taken equal to 

x,(x, t)[Xc( U*%, t, h,M,lX,( IJ235, t,] 

wl~~e the bracketed t.erm was evaluated from put)- 
lished [ v23.i shape factor dataa (4). 

Thaw tw a limited number of experimental 
chwks OH the accuracy of this shape conversion 
revipt~ for 1’11 cylinders ( .$ ) ( we the tahulst ion ) . 

Satural uranium Estimated critical Critical mass 

thickness (in.) mass, w, (I), from from sphere data 
cylinder data (kg) (kg) 

0 17.5 lS.(i 

2 s.5 s.x 
-1.5 i.1 i.0 
7.5 4i.S 6.5 



TABLE V 

Critic81 Parameters of 2-111. Thick Thorium-Rofloctod 5.967-h. Dim Pu Cylinders 

Diluted with Other Metals 

Fin81 m8sured coafigur8tion 
Nomlaal 

volume r8tio m8ms Pu 
of Pu to rloment 

htr8pOl8tOd 
critic81 uss 

Critic81 configur8tion 
Critical Corebwor8ge 

height densities (g/cc) 
(including princip81 

Eat lmrted 
mpheriC81 
critlcrl 

Dilueat diluant -(kg) -kg Pu Nil-in. Pu diluant Nf r8Ss-kl: &I 

14.67 2.246 14.25 -0 0.647 11.3 

17.59 3.897 9.85 5.29 0.446 16.4 

Non. 14.49 

16.32 

-0 

2:1 Deplo tad 
ur8nlum 

Steel 
(SS 304) 

2:1 18.09 19.43 4.322 9.81 2.51 0 -446 18 .O 

Th 2:l 18.09 19.98 4.443 9.81 3.63 0.446 18.8 

2:1 10.09 20 .os 4.459 9.81 0.839 0.446 19.1 Al 
(1 lOOF) 

Air 2:l 

1:l 

19.87 

21.65 

22 .oo 4.805 9.99 -0 0.4S4 21.3 

22.25 C  ,552 7.41 9.01 0.338 20.1 Depleted 
UX’8lti- 

St.01 1:l 26.14 

1:l 26.14 

1:1 26.14 

1:l 26.14 

1:2 26.14 

30.65 8.50 

33.53 9 l ?8 

34.94 10.15 

57 .?2 16.56 

7.87 4.01 0.359 26 -4 

7.48 5.S4 0.341 27.8 

7.51 0 .?66 0.342 28.5 

7.60 -0 0.347 37.8 

Not critic81 > 

Th 

Al 

Air 

Depleted 
Ur8niUm 

TABLE VI 

Critic81 P8r8aeters of 4.5-in. Thick Thorium-Reflected 5.967 In. Dim Pu Cylinders 

Diluted with Other Metrrls 

Final nO8SUrOd configur8tion 

Nail381 
volume r8tio MM8 Pu 

of Pu to element 
Dilwnt di luent -(kg) 

~Xtr8po~8ted 
critic81 m8sm 

-kg Pu 

Critic81 coafigur8tion 

Critical COro-8ver8ge 
densities (g/cc) Estim8ted 

height Spheric81 
prlnctp81 crlticrl 

Pu dl luent Ni m8sS-kg hr 

None -0 

2:1 

12.56 13.25 

14.38 15.28 

2.018 14.33 -- 0.656 10.0 

3.420 9.75 s.94 0.446 13.5 Depleted 
ur8nlua 

2:l 16.23 16.91 3 .?44 9.85 2.32 0.449 15.3 Steel 
(SS 304) 

Th 2:l 

2:l 

16.19 17.55 

17.50 

3.896 

3.875 

9 .a3 3.67 0 -449 16 .O 

9.85 0 .a44 0.449 16.7 Al 
(11OOF) 

16.23 

Air 2:l 

1:l 

16.23 

18.04 

18.24 

18.87 

3.991 

5.524 

9.97 -- 0.454 17.4 

7.45 9.06 0.340 17.5 Depleted 
urrnium 

Steel 1:l 22.55 23.31 6.851 7.39 3.77 0.337 21.0 

1:l 24.40 25.17 7.350 7.47 5.52 0.340 23 .O 

1:l 24.37 25.15 7.353 7.46 1.28 0.340 23.8 

1:l 27.95 29.22 8.364 7.62 - 0.347 27.1 

1:2 27.95 40.16 17.33 5.06 12.24 0.230 23.1 

Th 

Al 

Air 

Depleted 
urralur 

Steel 1:2 27.95 Not critical > 
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TABW VII 

Critical Parameters of 7.3.In. Thick Thorium-Reflected S.967.in. Dlam Pu Cylinder8 

Diluted rith Other Yet818 

Final mea8ured configuration 
Noralnal 

volume ratio Ma88 h 
of Pu to element 

Diluent diluent -(kg) 

Critical conflpuration 
Critical Core-average t8tlrated 

Extrapolated height den8ities (g/cc) 8pheriC81 
crltlcal ma88 principal critical 

-kg Pu Pu di luent Nl m888-kg h 

11.76 12.75 1.919 

12.63 14.65 3.226 

14.50 -- 0.659 9.7 

9.91 s.99 0.451 12.5 

None -- 
2:l Depleted 

uranium 

2:l 14.40 16.02 3.581 9.76 2.50 0.446 14.1 Steel 
(SS 304) 

9.82 3.63 0.447 15.1 

9.95 0.851 0.453 15.0 

16.25 

16.25 

16.61 

16.45 

3.689 

3.606 

Th 2:1 

2:l Al  
(1lOOF) 

9.95 -- 0.453 16.5 

7.42 9.04 0.339 16.2 

3.804 

5.161 

2:l 

1:l 

16.25 

17.12 

17.35 

17.56 

Air 

D8plated 
uranium 

1:l 20.72 21.55 6.329 7.43 3.80 0.339 20.6 

1:l 22.52 23.16 6.781 7.45 5.52 0.340 21.3 

1:l 21.65 22.80 6.549 7.59 1.30 0.346 21.2 

1:l 25.21 25.75 7.341 7.65 -- 0.349 24.5 

1:2 27.03 30.78 13.260 5.06 12.27 0.231 21.3 

Steel 

Th 

Al 

Air 

Depleted 
uranium 

Steel 1:2 27.03 Not critical > 

TABLH VIII 

Snd Reflector Savings of l/2-In. Thick Disk of Various Mataria 

on 6.0-M. O.D. Pu Cylinder 

Reflector Reflector l aving8' 
cm P&8(95% Pu23g, Reflector l avl8g8* 

De88ity 5% Pu24o cm u235 (93.5%) 
Material (g/cm3) P  - 14.27 g/cm3 P  - 18.80 g/m3 

Yg (m-1) 1.77 

Al (1100F) 2.72 

Ti (96.5 w/o) 4.S 

Th (> 99 w/o) 11.57 

Graphite (CS-312) 1.67 

Polyethylene 0.921 

Al203 (> 89 W/O) 2.62 

Steel (SS 304) 7.87 

Fe (SAE 1020) 7.78 

Ni (electrolytic) 8.79 

cu (99 - 99.5 w/o) 8.87 

Co (reagent) 8.72 

Ho (99.8 w/o) 10.53 

w (-91.3 w/o) 17.3 

U (depleted) 18.97 

U (normal) 18.8 

Be (QMV) 1.84 

0.298 f 0.01 

0.353 f 0.01 

0.384 f 0.01 

0.403 f 0.00s 

0.444 f 0.01 

0.488 f 0.01 

0.490 f 0.02 

O.S48 f 0.01 

o.5g7 

0.6g3 

0.622 

-- 

-I 

0.607 f 0.01 

0.607 f 0.01 

0.623 f 0.01 

0.635 f 0.01 

0.646 f 0.01 

0.697 f 0.005 

0 .5g4 

o.7s4 

0 .7s2 
0.778 

0.764 

0.816 

-- 

-- 0 .814 

0.701 f 0.015 0 .8g6 

' The height to diamgs$ r ratio of the plutonium cylinder6 varied from 0.508 
to O.S35 and for the U cylinder8 1.20 to 1.69. 



for these materials on U “‘.‘, ( 93.5 % ) cylinders have 
tww reported by Hanscw cf al. (5). The procedure 
kr determilling the ettd-reflector .w.vittgs is as f~~llows: 

( I ) The reriprowl-mult ipliwtion curve for the 
uttreflec*tcd plutonium 
previously dewri bed. 

wlindcr was established .I 

( 2 ) Hut onium plates wwc removed from t.he 
top of the tLssCn1 t ,I*v 
by M-ilk 0.d. refl 

rLlld 

cct 01’ 
rt?plwetl with a &in. 

disk, the assembly 
c~los~~d :wtf :I cwunt ing rstc rworded. l’u plates were 

t hc saf(b limit of mult iplknt ioll was reached to 
wt:Mish a rwiprocal-mult ipliwt iota (*\lrve for the 

(3) Thr difkrelwe t)etween extrapolated witid 
lwights of the uweflwtctl cbylillder and of the par- . 
t i:~lly reflected 1’~ ( wrrwted for Ni and voids), . 

Results are recorded itt Table VIII, attd refiwtor 
savings of +-in. t hkknwses of t hew materit& on 
I”“” (93.5 % ) are included for ~wmparison. 


