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!l!he total nmber of neutrons s;t z is RR~Q(z) and the number absorbed per 
unit length at z is 

The activity at 2 is proportional to n 80 the r&Q&ion 1eveZ at 2 =i Q 
is propor4;ional to n(z) 
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For the case of a long uniform 8Qtrrce the radiation Ievel is 

FZTOIB m-62-70, we find II~ = 160 mra/h;: for (Q/L) correspondiraer, to 
j$ of 2.4 w (72 ?&I) over % " lo4 ft. 60 scdlbg to the present cws 

This assumes that there‘is no attenu&ion of the ~EUIZXE+ radiation in the concrete 
(which prob&Ny actually amounta to sc~etizilzg Pike a factor of 21.' 

n ro@ value for I.$ could be gotten by using the uniform Line source 
fox~&La with the &v-e1 pr~porticina% %CJ the absorbed power WZIB&! SnverseLy propor- 
LionaL to the Isngth taking L ‘2 50 ft for the point SCWXZ. Then 

The total activity depended only on t'he a&~.& of absorbed power. Frcm 
Table X of TN-62-70, we find that 72 kW gives XL7 curies so the present 3 kW 
gives 8.1 euriea of +i2" total e 

1. Shielding the serapes 
FIYCSD TE-63-92 the saturation rzxdiatf~~ ~eva~e ir, the copper scraper are 

T $42. Photon l&erg (k&V> kval (mr/hr) 

eu=* 13 hr 0+,5 22 x lo4 
ce" T-3 P 1 .3, 164 204 x LOS 
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Prcarr the shielding curve in TB-63-92 for lead (Fig., 4) we csa cons%rwt a 
curve of the level as a function of shield thickness neglecting any oblique 
shielding factor. This ia shown in Fig. 1. For thicknesses greater %han I 

inch the Co"' dminates because the higher enerw photons are much more 
penetrating, A 3 inch shield would reduce %he level from %he scraper %o 
abou% 50 mr/hr at 3 fee% which is similar to tbat.from the downstream part 
of the accelerator. A shield of this thickness 16 inches long would weigh 
abou% 

In view of the cc@.icated geometry, I would swest mocking up the 
shielding and measuring the levels frckn. a Co"' soTlrce . The total Co'* 
activity in the scraper is about 3 curies. One can mea6ure 0.5 mr/hr easily 
which is 100 times less than %he calcula%ed level, so a 30 mCX source of CoGo 
would be adequate. 

3everal points to note: 
a) !The oblique shielding may be iqortant 60 a shield that is thicker 
In %he middle mi&t be most economic. 
93) The induced activity arises from interaction of photons with energies 
greater than about 20 MeV which are infseguen% in the later parts of %he 
shower* Roqhly speaking, the activity is effectively limited to the 
first 8 radiation Eeng%ho (4,3 inches in copper)+ 
6) If space is at a premium, a tung;stcn shield would be thinner. Tlk?x?e 
in&es of ?kectt IS about equivtient to 3 x (~..3/18) = 1.9 inches of 
tungsten. 
d> An experimental measurement would give fnformation of self-absorption 
in the copper, leakage out the end of %he scraper and cylindrical shield, 
the shielding effect of the quadrupole just upstream of %he scraper, back 
scattering frc?sn %he wal3.s of the %unnel, and other effects which may be 
significant but which are too com#Lcated to calculate very well. 

-6- 



I 
I 

m
--n

-T
 

I 
1 

III
 

I 
i 

III
 

- 

I 
Ill

 



t?) The co=j life time is long enough so tha% the satura%ion levei is 
reached only after a long ir-sadlation time, After an irradiation of 
length T, the level is (1 - e -Ti"> tties the satura%ion level. 
For CO"(T ~c 7.60 yr) 

1 0.x2.5 
3 0.33 

10 0.73 L 

80 after 3 years of operation the Co"' level. will be abou% 3./3 of the 
value g&en here. 
f> If this shield is left in place, ~33.1. it beccme seriously radioactive 
itself? The scraper has a wa3.l thickness of 2 inches of copper which is 
aboct 3.6 r.1. which should absorb most of the e-7 cascade so that %here 
should bs very li%tle y-induced activity in the shield. What about nuc- 
lear interaction in the lead or tungsten? A detailed calculation requires 
knowledge of the energy spectm of nuclear par%icles going through the 
shield. '60 get a rough idea of the problem, estimate the probability of 
Snterac%ion in the shield (for lead) 

where IYve assumed a 1 barn cross section. Very roughly, for every four 
radioac-give nuclei 1ef-t in the copper there is one radioactive nucleus in 
the shield, The activity in %he shieEd is less shielded, bu% there is 
less activity. The issue is not clear. 

Ona possibility Is that initi&~ %L 1~ shields c3ould be installed sround the 
silrapers . After some mon%hs of operation if %he shields are getting too actin 
they could be removed, and then put in place only when someone is working near 
a scraper. Depending on the ac%usL conditions the shield might be divided into 

two layers, one pesananently installed and the o%her kept cool. outside and then . 1 
put Ln place whenever someone was working near by0 
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2. Reducing tl~ Conmete Activity 

&) Mcling Boron to th? Corkcrete 

.&mme that the probabi%ity of captwe on a pmticuhr &xmic specie? Is 
propcrrtimal to the atrmic &undance in 4.33-e concrete tixms the thermal xmxtron 
capture cross section. For a typical ordinary concrete (Price, Morton, and 
sphneyp p. 268) 

TOtap 

1.0 
5209 
330'7 
,3*4 
1.4 
4.4 

012 
0.1 
1.6 
a.3 

1. I J.00.0 

17.0 
56~ 
20.3 

2*2 
0.4 
1.9 
0.1 
0.1 
1.2 
0.6 

barns 

0033 
<0.8002 

0.13 
0.23 
2053 
0.43 
0.063 
0.0032 
0.4jo 
n-97 --P__ 
. _ -.s..- 

$xbams 

5.62 

0.01 
2.64 
0.51 
1.01 
0.82 
0.01 
0.00 
0.60 
1.18 

x2.40 

4593 
0.1 

21.3 
4.1 
8.1 
6.6 

0.1 
0.0 
4.8 

9*5 

99.9 

t3ifiai 
Cf j,Ui k 

_I_- 

0.007 
o.ooo 
0056 
4.1 
0.027 
0.822 
0.01 
0.000 
4.8 

0.65 

l2 y.T 
29 set 
2.6 IUT 
2.3 min 
45 w 
4.5 clay 
g*5 min 
SW-- 
15 hr 
l2 hr 

For each el&aent a cetibzin $raction of the capture rwxtione, gi, Lea&3 to a 
radioactiVe ehmen%. The initial isaturation activity is proportional to the 
product. gfu taUted in -the next to, last column. -!!%e -so&m is worst. 
After it l&m decged by about a factor of 200, the iron activity beccmes 
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b) No Boron in the Concrete 
What ia the situation if no boron is added to the concrete in the 

vicinity of a scraper? 
i) A waiting period of about 4 days reduces the activity to a reason- 
able level. 
ii) If this waiting time is unacceptable, one could put a lead shield 
on the surface of the concrete or around the worker. The Ma"* r-rays 
are quite penetrating and scagething like 16,5 inches of lead wokd be 
required to reduce the level by a factor of 100. This would require a 
lot of lead (5.5 T per Unear foot of lead lining the tunnel). 
iii) A layer of boron around the surface of the concrete might reduce 
the level scznewhat, but the neutrons are tnermalized by the hydrogen in 
the concrete where the sodium ia, so I thk& that a layer of boron out- 
side the concrete would not do very much good. The concrete would still 
be activated and the ygs would ccme through the boron layer easily. 
iv) Most of the neutrons cane fxca the mcraper, and it might be possible 
to put a shield around the 8crapcr ctintaining lots of hydrogen plus ~iome 
boron. Then the neutrons would be thertiized and captured before they 
got to the concrete. Such a cyUndrfcal shield could not subtend more 
than about w6 of the solid angle from the scraper, 80 any reduction 
factor would be lees than 10. 

Conoider a cylindrical shield of CM, .with perhaps a few pereent 
of boron. To get a rough Idea of the required thickness consider a 
point source of fialaion neutrons in an infinite water bath. The xms 
dS.stance from the source to the point where the neutrons have reached 
thermal energy is R,, =fl where % is the so-called age and is 
about 30 cm2 in water. Thti h = 13 cm = 5 inches IK,O. Since CH, 
and Hz0 are oMlar in density and nuclear properties, the cylindrical 
shield should have a thicknees of 10 inches or so1 and might give up to 
a factor of 10 tiecrease in the sodium activity in the concrete wall. 
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D. Neutron Activation of Ob,jects in the !I!unml 

B'irst, we can try to get a rough idea of the levels by scaling frcxa 
radiation measurements made in the vault of the 184 inch cyclotron at 

'3erkelq (&mm, Both, Zucker, Rx. Xnstr. and Methods 18, 13 472 (1962))e 
The machine had been run&g at about 3~ and n0 B¶eV with about a 7@ duty 
cycle DO the average beam power was 8bout 500 watts. UsuaUy, the beam hit8 
an internal targee and the beam scatters ~33 over and many things get active. 
For the scraper, T estimate that roughly O.Z?'$ of the incident power g&es; into 
the kinetic energy of nuclear active paxWcI!.es which is 10 watta, so the 
expected radiation kvels around the scraper would be 50 times less than LhoEze 
measured at Berkeley. 

Bight after the machine was turx@d off the revels near the meson beam 
seved feet fral the target were a few rem/hr. Elsewhere in the vaukt 
around the rest of the machine the levels were, say> 10-30 times less.. After 
8 two day cooling? OUT time the levebi eveqmhere were roughly 10-20 mrem/hr. 

so ELround the scrape* -p I would gpees that the Levels from general. nuclear 
ix3taractfon migh% 3s LO-20 mnzm&h3z rigkkt after shut down f3.nd wou2.d decrease 
to a negligib2.e Eeve4. in a couple of days- 

A detailed calculation of this kria?. of activation starting frc?m first 
principles would be vary complicated, and on the baiois of this rough calcu- 
lation it does; not seem required. 


