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Neutron Dose Equivalent at Electron Storage Rings

William P. Swanson

Lawrence Berkéley Laboratory
University of California
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ABSTRACT

Simple assumptions are used to predict the average dose
equivalent from giant-resonance neutrons near a beam of circulat-
ing electrons. The methodology is derived assuming uniform beam
loss around a circular ring and numerical results are given for a
proposed set of storage ring parameters. Comparison is made to
the two limiting cases of a point source and an infinite line source
of photoneutrons. The dose equivalent at 1 m from the ring is calcu-
lated as a function of concrete shielding thickness and uncertain-
ties are discussed. By simple scaling, the method can be applied to
any electron storage ring or circular accelerator, or, with suitable
modification of the source term, to any device that approximates
an isotropic ring source.

This work was supported by the U.S. Department of Energy
' under Contract DE-AC03-76SF00098
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| Neutron Dose Equivalent at Electron Storage Rings =~
William P. Swanson |

Lawrence Berkeley Laboratory

k‘.
University of California
Berkeley, Califérnia 94720
In the energy regime within which most electron storage rings operate (a
few hundréd MeV to tens of GeV), the potentially harmful radiation is primarily
caused By two soufces: -bremsstrahlung when thé circulating beam is lost from
orbit, and giant-resonanc'e‘photon‘eutrobn";s produced in the resulting electromag-
netic cascade. Of_ these, the bremsstrahlung dose is harder to treat analytically,
owing to its forward-peaked angular distribution. However, it is shown below that
thé neutron dose équivalent can be predicted simply and with sufficient accuracy
that f‘édiétién'shielding ¢an be desigried with reasonable confidence.
Ring Parameters Assumed
The following parameters correspond to those anticipated for an existing
electron storage ring, Aladdin, constructed at the Physical Sciences Laboratory
of the University of Wisconsin at Madison (Row81, Sym84):
EO' = .+1GeV  ..Energy of the circulating electrons
1= BT Average current -
R0 = - 14.5m Average radius of the ring*
o f = ’ 3.3 MHz " Rotation frequency of thé beam

The above parameters are equivalent to a stored energy of

W =288/J.

* [t should be noted that the Aladdin ring is not circular but more resembles a square with
rounded corners. For simplicity, a circular ring is assumed in this discussion.



In the picture developed below one imagines this amount of energy stored in
the beam and subsequently lost in the stainless-steel vacuum pipe. The neutron
fluence and dose equwalent calculated then correspond to one cornplete cycle of

"store and dump”.

Neutron Source Term and D-E Conversion Factor .

The production of photoneutrons in electromagnetic cascades ihitiated by
electrons has been calculated by Swanson (Swa78, Swa79a) and the resulting
yields have been largely confirmed by measurement [see Table 2 of Swa78, Ste83,
Yan84]. An important ‘obser.'vation is that, for the energy range relevant to this
report, the yield of neutrons from a given material is proportional to electron
bearn power, for any EO' above about twice the energy of the giant-resonance

peak. - The calculations.of Swa79a for Fe for E0 = 1 GeV give
‘ Y(Fe)=818 % 108 neutrons J-l,
where the unit "J" refer to the total amount of energy, W, carried by the incident

electron beam onto a thick sample of the material. For comparison, the yields

from Al, Cu and Pb are:

Y(Al) = 6.20 x 108 neutrons J'l, and
" Y(Cu) = 11.8 x 108 neutrons 371,
" Y(Pb) = 21.3 x 108 neutrons 571,

which represent differences of -24%, +44% and +160% from Y(Fe) at: 1 GeV,
respectively; The photoneutron yield for Fe drops from its value at 1 GeV by only
7% at EO = 100 MeV. Iron is used in the_present example because of the presence
of a stainless-steel vacuum pipe and magnet yokes; the other materials (Al, Cu,

Pb), because of their common usage, serve for comparison. Aluminum can be
| considered representative of concrete [A = 27 for Al, as compared to an effective
atomic number A & 21 fof concrete].. If another material than Fe is used, the

results can be appropriately scaled.

The totalv neutron yieldﬁfrorn' a beam dump into iron'is, then:
‘ 8 8 ' -
Q@ = 8.18x10 W = 8.18x10 x 288 : (1)

11
= 2.36x10 [neutronsperdump],

where W is the total energy stored in the electron beam in Joules.

Ca
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For conversion from neutron fluence to dese equivalent, we adopt the values
from ICRP- 21 (ICR73, Table 4). The spectrum of photoneutrons from the giant
photoneutron resonance resembles that of a fission spectrum (Swa79b pp. 71- 75)
and the average energy varies relatively little with the atomic number of the
medium in which the electromagnetic cascade occurs. For the present calcula-
tion, an average neutron energy of 2 MeV is assumed. The corresponding conver-
sion factor from ICRP-21 is:

-1 -1

7.0 neutrons cm_2 s "permremh

= 2.52 x 108 neutrons m_? mrem-l_.

Dose Eqmvalent at Ring Center

The dose equwalent at rmg center is particularly simple to calculate and, in
many cases, easﬂy access1ble to measurement Furthermore, its value is insen-
sitive to the actual deviations from a uniform beam loss around the ring. The

neutron fluence at a distance d from a point electron loss in an Fe medium is:

¢ = 41er2 [neutrons m™2]. : | | (2)

As the center is equidistant from every point of the ring, we obtain for the neu-

tron fluence at the ring center (d = RO):

B.18x108 x 288 J : (3)

= Q/[4nRE] =
b = Q/[47R5] 47(14.5m)2

= 8.92x107 [neutrons m?]

Utilizing the above conversion factor, we obtain

7 glgaxio? =2 | |
Hc= 8.92x10' neutrons m = 0.354 mrem.. (4)

2.52%108 neutrons m— mrem™

for the neutron dose equivalent at the ring center.

Dose Equivalent in the Medlan Plane

The neutron dose equ1valent at any point in the plane of the ring (median
plane) is easily obtamed from equations (2 - 4) by substituting the average value
of the inverse-squared-distance from a ‘uniform circular source (see Appendix ])

ford2



(5)

IR N
a?) [R2-RZ| |R+Ro)S

--where R is the distance from the ring center to the point in question and S = R -

: ROI For R~ R0 we may use the approximation

;]lﬁeo—! | @

Substituting values of d"2 obtained from equation (5) for a range of distances, S,

leads d1rectly to the values shown in Fig. 1. The neutron dose equivalent is plot~
ted as a function of distance, S, measured radially from .any. peint on the ring,
both 1nwards (towards the ring center) and outwards. The most general interpre-
tation of these ring curves is that for an arbltrary (non -uniform) beam loss dis-
trlbutlon they give the neutron dose equ1va1ent a'ue'ra.ged around ‘any circle con-
centric with the electron ring. If u'mforrn beamn loss is assumed, these curves

show the actued (uhaveraged) values at the indicated distances from the ring.

For comparison, Fig. 1 also shows the neutron dose equivalent as a function
of distance from a hypothetical infinite line source having the same strength as
the ring in terms of neutrons p’ef' unit length. This curve has a strict s1

behavior.

As expected, the values for both ring curves of Fig. 1 merge and very closely
approach the behavior of the infinite line source for small values of' the distanee,
S. In fact, és equation (5) predicts, both ring curves obey an inverse-distance
(not inverse square) law for S small compared to the ring radius. At a distance
about equal to the ring radius, the dose equii/alent deviates noticeably from a
pure inverse-distance behavior; the curve inside the ring is at a minimum, as
symmetry would require. As one proceeds. ou'twafd from the ring by the same
amount, S~ RO‘ the dose equivalent has deviated from a pure inverse-distance
law by about 34% and. then continues to roll over to become nearly inverse
square for distances greater than several times R This can be seen by com-
parison with the uppermost curve of Fig. 1 Wh1ch shows the neutron dose
equivalent for a point-loss of the entire stored beam at distance S. Comparison
of this curve with the ring curves clearly shows the relationship between the
average neutron dose‘e"qe‘ivalent' and the maximdfn possible produced 'by an

accidental point loss. This difference amounts to a factor of 30 at S = 1 m but
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diminishes rapidly with S. Not coincidentally, the curve for point loss intersects .. ... -+

premsely Wlth the value at the rmg center.

“ :)_‘ o el . \‘r

Neutron Dose Equlvalent After Concrete Sh1eldmg

Flgure 2 shows the neutron dose equlvalent in the medlan plane at.1 m from
the ring assuming various t]:ucknesses of intervening concrete. These results
are computed by the summation of small increments (A6 =1°) around the ring,
assuming uniform beam loss on the circumference. The geometrical model

assumes that the inner surface of the concrete wall is contiguous with the ring.

~ Each contribution is attenuated by its proper attenuation in the concrete, using

a tenth-value layer of TVL =92 g cm = (FasB4). For a concrete dens1ty of 2.35 g

cm -2 , this corresponds to 39.2 cm.

It is evident from Fig. 2 that there is a change in slope in the effective
attenuation coefficient. This occurs because the first shielding layers strongly
diminish the contributions of sources f.arther. removed from the poiht of meas-
urement, because of their larger slaht ranges through the shielding. Thereafter
the proximal arc source is attenuated in a manner which more resembles the

attenuation of a point source of neutrons.

Clrcumferentlal Dlstrlbutlon of Dose—Equlvalent Contrlbutlons

Figure 3 shows the cu‘t.umferentlal distribution of dose contnbutlons to
point P at dlstance S =1m outs1de the rlng, for chosen shielding thicknesses.
Units are mrem J , and the absmssa scale is such that 0 = 0 when the source is,
closest to P The meaning of this graph is that apo'int loss of W Joules, anywhere
around the ring (angle 8), will contribute a dose at pomt P of the amount read on
the ordinate scale For an extended beam loss, one must mtegrate over theta,
and that is what Has been done in the precedmg section, Wlth the assumptlon of a

umformly d1str1buted loss.

For no shielding, the dose at P 1s domlnated by a smgle large peak, sym-‘
metrical about 8§ =0. As sh1e1dmg is added (lower curves of Fig. 3), one sees that
the peak 1tse1f is attenuated by some factor, depending on the shleldmg thick- |
ness, and contributions from across the r1ng (8 = 180°) are attenuated.by approx-
1rnate1y the 'same factor, whereas contrlbutlons near * 20° | are severely
attenuated, owing to their large slant distances through the shielding. All curves ,
are symmetri'oal about 0°, ‘as one would expect'from the assumed- isotropy of the

source.



Accuracy

To the extent that the photoneutron source can be considered a uh'i,for'rﬁ o

isotropic ring source, and is unperturbed by such external mﬂuences as sh1e1d-
ing, room scattering, or neutron maultiplication by mater1als near tne r1ng, the

major uncertamt1es in the results of Figs. 1" and 2 are estlmated as follows:
Unce_rtainty in neutron yield for Fe - x207%

_ Uncer'tainty 1n correct value
: 'o'lf.DE-vc‘onversion factor - C *+15%
- . Error resulting if the major -
'neutron producing medium
7. is not pure Fe, but rather
a‘combinati_on_‘of.Cu, l?e_

and Al (eoncrete) o ‘ l_ ﬂ:29%'

' Combined uncertainty (in quadrature) - =38%

For the arguments and results presented here to bebvalid, it must be assumed
that the cascade is contained within the material of the vacuum pipe itself or in

shielding material in close proxirnity'; The case in which the electrons are

dumped into a thin walled pipe so that the electromagnetic cascade continues

out into the room to produce photoneutrons in far off corners would con51der—

ably lower and flatten the curves of Flg 1.

In most cases the beam is not lost un1f0rm1y from orbit, but losses are con-
centrated in reg1ons of hlgh dlspers1on or of max1mum amphtude in the betatron
osmllatmns more neutron sh1e1d1ng would be needed in such reglons However
the maximum needed anywhere should not exceed an amount determmed by the

uppermost curve of Fig. 1 for a point loss of the stored beam.

Poss1ble shleldmg by objects near the beam line (especially rnagnets) 1s not.

cons1dered here Iron magnets are not good absorbers of _giant- resonance neu-

trons and thelr ‘major eﬁect would be to rescatter the neutron ﬁuences 1nc1dent

on them. As a ﬁrst approxunatlon for radiation-protection planning, their shield-

ing effect can- be conSLdered as neutral Another effect which can s1gn1ﬁcant1y

alter the neutron ﬂuence is the scattermg from the walls of the room. McCall et

al. have pubhshed an emp1r1cal formula which estlmates the additional ﬁuence

PENEIE Y
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due to fast neutrons scattered around a concrete room of area A (A is the total
for floor, ceiling and 4 .wallsucornbined)v containing a neutron source of strength Q

neutrons (McC79; also see Eis82):

¢scat =5.4 % ) - A (7)

As an ekample :a.s'surne the area of the room to be 20 times the area of the ring: A
= 20 % .17 R 2 =:13210. mz.- -This would lead to a rather uniform contribution of

scattered fast neutrons of: -

¢scat 5 4Q / FOﬂRZ]
- $e Q7 I41TR2]

y o

relatlve to the ﬂuence of dlrect neutrons at the r1ng center ¢ “ This would

=1.08, - (8)

therefore approx1mate1y double any measurement obtalned at the rlng center
and add about 15% to the ﬁuence measured at 1 m from the’ ring (inside or out).

This contribution (approximate) is indicated as the horizontal line in Fig. 1.

Imphcatlons for Radiation Protection

For purposes “of. dlscuss1on the arbltrary reference distance of 1 m from the

ring is chosen to assess the radlatlon protectlon needs.

(1) The bremsstrahlung dose equlvalent far exceeds the average neutron dose
equivalent and will dominate the shleldmg (Swa85) It is very probable that
“an adequate Shield for bremsstrahlung will be more than adequate for the

" neutrons if doncrete is used. ‘However, if br‘emsstra_hlung is shielded pri-
mar'vi:l‘y:' by n6n4hYdrogeneous materials such as Pb or Fe, the neutrons rnay

not be adequately attenuated.

‘ (2) '_In 1tse1f the unshlelded neutron dose equlvalent is rnargmal if one cycle of

‘ store and durnp is executed ten times each 40- hour work week, the ICRP
11rn1t equlvalent to 100 mrem/week would be just reached (at 1 m). How-
_ever, in thelr Guldance on Mamtammg Exposures to As Low as Reasonably
iAchlevable the U. S. Departrnent of Energy (DOE) states as a deSLgn ob]ec-
‘tive: "... onsite personnel levels less than one-fifth of the perm1551ble ... lim-
its'... “ '(DOEB1). Therefore, at least some concrefe shielding is advisable
because of the neutrons metal shleldmg (eg Pb or Fe) is not effective

‘agamst glant resonance neutrons.
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{3) At the site boundary (assume 50 m) the direct neutron dose equivalent is
less than the value at 1-m by a factor of 200, not taking into account any.
difference in elevation. At 1000 cycles of "store and dump" (fills) per year -

this would be:
[0.020- mrem / fill]x [1000 fills / year]_= 20 mrem / year (9)

direct neutron dose €quivalert with no neutron shielding. This is to be com-
pared with the proposed revision of DOE radiation standards for protection

of the public which . incorporate a provision for Headquarters con-
currénce for anticipated routine operations that may result in estimva-t.ed
exposures exceeding 25 mrem/year to any member of the public” (DOE84).
This requirefnent appears to be satisfled even without shielding, as far as
th.e neutron dosbe is concerned. An adequate shield against bremssti‘ahlung

which contains at least some concrete would greatly improve upon this.

(4) These predictions are for the average neutron dose equivalent; regions_of

~the ring where higher beam losses are expected should have increased
shielding. |

(5) The maximum possible accident is easily estimated from the-point-loss

prediction shown by the uppermost curve of Fig. 1.

App]icabi]jty to other lsot-ropié Ring Sources

The manner of scaling to the parametérs of other electron r.ings or circular
accelerators (synchrotron, betatron) is quite obvious from the above equations
(2 - 5). It is implicit that one should scale by the total sﬁored beam energy, W.
Loosely speaking, the neutron dose equivallent "near the ring" is proportional to
w/ RO and inversely proportion'al to S; if the ring radius, RO’ is not too different
from 14.5 m, one can scale the results of Fig. 1 approximately by the inverse
radius [equation (8)]. For points not too far from the ring (i. e., less ﬁhan half of
RO’ one can scalq as the inverse distance, S, and for large distances (several
times RO), inverse square would be appropriate. Dlire(_:t use of equat_ion (5) is
almost as easy as the approximate scaling.

The method outlined above can be adapted, with appropriate rhodiﬁcations
to the source strength, to predict radiation doses of any kind produced by a uni-
form isotropic ring source. As an example, the method could be used to study the
fluence or dose-equivalent of evaporation neutrons produced by a proton or

heavy-ion accelerator.
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Neutron dbée eciuivalent in the median planbe as a function of distance,
S, from an unshielded electron ring of radius R, = 14.5 m. Upber heavy
curve: inwards towards ring center; Lower heaV); curve: outwards from
ring. Dose Equiyalents from a point source (fqr the same total number
of _electrons-stoﬁped) and from van infinite line source {for the same
number of electrons lost per unit length as for the ring) are also
shown. Dashed line indicates apprdxirnate contribution from scattered

fast neutrons. Energy lost by dumped beam is 288 J, corresponding to

1.8 x 10'? electrons at 1 GeV, circulating at 3.3 MHz (I = 1A).

Neutron dose equivalent in the median plane, at S = 1 m from the ring,
as a function of concrete thickness. Ring and beam parameters are
same as for previous figure. Density of concrete assumedis 2.35 g cm °.
Dashed line illustrates slope corresponding to TVL = 39 cm (arbitrary

normalization).

Neutron dose equivalent at-S =1 m from ring, per J lost at any point on
the ring circumference, as a function of angle subtended at ring center.

RO = 14.5 m. Curves are labeled to show 0.0, 0.1 and 0.5 m of concrete

shielding.
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- APPENDIX I Average inverse Adistance-squaréd'from a r:ing source.
Imagine a point of observation, P, at distance R from the .origin, 0, and a
source point, Q, on the periphery of a circle of radius R centered at 0. The anglé-
between OP and OQ is 6 and the dlstance QP is called d For every choice of R, Rg

and 9, the law of cosines gwes
2 2 , " - '
da .= [R + _ROz —AZRROCOQSG] = a + b cosf, (I-1)

wherea = R + R andb =~ 2 -R'*R;0 . The average inverse-squared distance is
found by averagmg over 9, 1mp1ymg equal weight is given to every source point Q

(uniform circular beam loss).
—_— 1 2n 1 2w 1
e et £ poveon]
Ei o _’; d™= do o _’; becosf | ~ de. N (1-2)
This form can be found in standard tables of integrals and gives:

| ~/ 2
(i_g)z 1 2 arctan l a® —b2tan{6/2) |
: RTT |4 /az b2 l _ a+b

(I-3)

0

In general, the'.éngle given by the arctan is multiple-valued, and one must care-
fully observe the quadrant corresponding to the irl'tégration limits. The lower
limit clearly gives zero because tan{8/2) = 0 when 8 = 0. At the upper limit,
8 = 27, we again find zero for the argument of the arctan. As the result of
integration must be non-zero, the only sensible value for the arctan is m. That is,
8 / 2 has progressed continuously from 0 through /2 to m as the circle is com-
pleted, forcing the angle given by the arctan to take on values covering the same
range. {This becomes self-evident if one evaluates the integral with b = 0.)* The

result is
—%
E—_z'= 21ﬂ —e E,z bz] | : "

To evaluate, we expand:

2 2 4 2. 2 4 2_2
[a —b]=R + 2R R+ R - 4RR (I-5)
S 0 0 o
*Alternatively, one can avoid this ambiguity and obtain the identical result by averaging over

the renge 6 = 0 to m.
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= - + R = [ — ]
R | 2R _R R R

Téking the positive root gives the desired result:

‘F—E]= FS - RZ]_I ' ' | (1-6)

for the average inverse-square distance from any point on the median plahe, P,

to every point on the circle.

For points at a vertical distancé, Z, above or below the median plane, the
average inverse-square distance can be found by a generalization of a in the

preceeding derivation: a = Ry + Rg + Z2 in equation (I-1). Then, using equation

(I-4), d 2 becomes:

) [fo-ngf o222 e+ ) ] e
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