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I. Introduction

The problem of shielding accelerators as sources of high-energy neutrons is important for
both health and compliance reasons [1,2,3]. Complicating this problem, for high-energy,
high-intensity heavy-ion accelerators, is the lack of data on neutron production from thick
targets in the appropriate energy ranges.

Here, we present results from neutron flux measurements and shielding studies using the
K1200 cyclotron at the National Superconducting Cyclotron Laboratory (NSCL). This
cyclotron is based on a 280-ton superconducting magnet operating in the range of three to
five Tesla. Typical maximum design energies are 200 MeV per nucleon for fully stripped
N=Z ions through neon, and 25 MeV per nucleon, for 28y ions [4]. The NSCL is
planning an upgrade, by coupling its smaller, KS00 superconducting cyclotron to the
K1200 cyclotron [S]. This will significantly increase intensities of all ion beams, and
significantly increase energies of the heavier ions. For example, ion beam currents of 1

particle-microampere are expected for ions to mass 40, and approximately 10° ions/sec

are expected for 90 MeV/nucleon By,

To provide needed information for shielding design, we measured neutron yields
produced by 155 MeV/nucleon 4He, 12C, and 160 ions stopping in a thick target of an
alloy (6] of tungsten, nickel, and copper (below, we will call this alloy by its traditional
name, “Hevimet”). Our study consists of measuring secondary neutron production,
determining the dose equivalent behind thick concrete shielding, and studying the effect
of local iron shielding above the target.

II. Experimental Arrangement

Measurements were carried out both inside and outside the concrete shielding of the
Analysis Hall at the NSCL. A plan view of the beam line layout for the neutron shield
studies is shown in Figure 1. The target was a solid cylinder of Hevimet. This target

material was selected because Hevimet is used for many of the beam stops and Faraday
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cups at the NSCL. The target diameter was 5.08 cm and the length was 5.093 cm. The
ranges of the He, C, and O ions in Hevimet, when having 155 MeV per nucleon, are
about 1.72 ¢m, 0.61 cm, and 0.46 cm, respectively. For reference, a proton’s range in
Hevimet, when its energy is 155 MeV, is about 1.78 cm. Thus, light charged particles
produced with beam velocities will be stopped in the target.

Ions of ‘“He, '2C, and "0 can be simultaneously produced in the NSCL’s room
temperature ECR ion source, from a rniiture of He and CO; gases. When fully stripped,
the ions are charge-to-mass analogs. The desired species can be selected by changing only
the K1200 cyclotron frequency. However, we made separate experiments. The first used
12C ions only, and the second used both *He and '°0 ions. In the latter experiment, we
selected the desired ions by the appropriate cyclotron frequency.

Neutrons produced from the reactions between the ions and the Hevimet target penetrate
the thick lateral concrete shielding to occupiable areas outside the Analysis Hall. The
density of the concrete used at the NSCL is 2.4 glcm3. Table 1 gives, at the point of each

measurement, the angle of detection with respect to the beam, the distance between the
target and the detector, and the line-of-sight thickness of the concrete.

The vacuum chamber containing the target can be shielded locally by iron, to reduce the
neutron flux which reaches the concrete walls. A local shadow shield of 25.4 cm-thick
iron block can be moved into place over the target. The shield is “L-shaped”, providing
lateral and overhead shielding. Figure 2 is a vertical view of the general configuration, but
shows only the overhead part of the shield. The data described in Section IV were
obtained with the shield moved away from the vacuum chamber. In Section VII we
describe measurements made with and without the local shielding in-place.

Measurements were aiso made on the “catwalk” (see Figures 2 and 3) above the shielding
roof of the K1200 cyclotron. These are described in Section VIII. The measurement

locations are shown in Figure 3.
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III. Experimental Procedure

A.  Multisphere Spectrometry

Energy spectra of neutrons emitted from the target were measured using a commercial
Bonner-sphere spectrometer. This system includes spheres having diameters of 2, 3, 5, 8,
10 and 12 inches. Its detector is a 4-mm x 4-mm cylindrical Lil(Eu) scintillator, with 96%
enrichment in SLi. The scintillator is optically coupled to a RCA 6199 photomultiplier
(PM) by a Lucite light pipe (90-mm long, 12.7-mm diameter). The signals from PM were
sent via a long coaxial cable to a main amplifier and multichannel analyzer. A
background, resulting from the scintillator’'s response to background radiation, was
subtracted from the peak containing the captured-neutron-induced alpha-particle events.
A linear interpolation was used between the continuum values on either side of the alpha
peak. The net number of counts in the peak per beam ion, the measured instrument

response, was then determined.

B. Spectral Unfolding Method

To determine the neutron energy spectrum it is necessary to measure the detector
response for a range of sizes of the moderating sphere surrounding the detector. If given
the neutron energy spectrum, the measured instrument response may be predicted by
folding the neutron energy spectrum with instrument responses to neuﬁ‘ons of known
energies. In our case, we must solve the inverse problem. We measure the instrument
response to an unknown neutron field, and then use known responses to “unfold” the
neutron energy spectrum. We used the spectrum unfolding code PREF, developed [7] at
the Institute for High Energy Physics, Protvino, Russia. PREF uses a greatly modified
version of the reconstruction method based on the Tikhonov's regularization [7].

C.  Bonner Sphere System Calibration

The Bonner sphere system and associated electronics were calibrated in a relatively low-
scatter area above the experimental halls at the NSCL. An unmoderated 239Pu-Be source
was used. The calibration procedure was essentially identical to the one described by
Britvich et al. [8]. Spectral values of the integral flux, F, and the average neutron energy,
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<E>, obtained from unfolding the bare Pu-Be calibration spectrum, F(E), are. given in
Table 2, where

12.6MeV 12.6MeV
F= IF(E)dE and <E>= JExF(E)dEIF.
8meV BmeV

Integral fluence-to-dose conversion information is also given in Table 2. The spectrum-
averaged fluence-to-dose-equivalent conversion factor, <h>, is defined by the
International Organization for Standardization (ISO) [9] as the neutron-fluence to dose-
equivalent conversion factor, h, averaged over the neutron source spectrum undisturbed
by the irradiated object at the point of reference. For the calibration source:

12.6MeV
<h>= _[h(E)x F(E)IE/F.
8meV ‘

Similarly, the spectrum-averaged fluence-to-ambient-dose-equivalent conversion factor,
<h*(10)>, is defined [9, 10] as the neutron-fluence to dose-equivalent conversion factor,
h*(10), at a depth of 10 cm in a 30-cm diameter tissue equivalent sphere phantom,
averaged over the neutron source spectrum undisturbed by the irradiated object at the
point of reference. For the calibration source: 1

12.6MeV
<h*(10)>= J' K* (10XE)x F(E)dE/ F.
SmeV

In these equations, h(E) is the fluence-to-dose-equivalent conversion factor used in this
work, defined by [9, 10], h*(10)(E) is the fluence-to-ambient-dose-equivalent conversion
factor used in this work are recommended by [11] for neutrons having energies below 20

MeV, and by [12] for neutrons having energies above 20 MeV.

IV. Experimental Results

The experimental results for 4He, 12C and 160 ions having energies of 155 MeV per
nucleon and stopping in the thick Hevimet target are given in Tables 3, 4, 5a, and 5b, and
in Figures 4, 5 and 6. '[he.spect:a measured at the emission angle 0 = 94° (at points 1, 9,
and 9T, defined in Figures 1 and 3) were determined from data measured using all
spheres. Spectral characteristics for 0 = 349, 499, and 59°, were determined using only
the 5-inch and 12-inch spheres.
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The experimental neutron energy spectra, F(E) x E, inside the shielding, are shown in
Figures 4, 5, and 6. A priori information about neutron spectra shapes was used in the
unfolding process. We assumed a Maxwell distribution for thermal neutrons ( 8 meV <
En < 50 meV). For neutron energies above 13.2 MeV, the shape is taken as the same as

for the neutron spectra at 6 = 90° from 710 MeV “He ions stopping in an iron target [1].

The experimental neutron energy spectra, F(E) x E, outside of the shielding at 940, is
shown in Figure 7.

The responses of a 5-inch sphere ks as a function of <E> are shown in Figure 8, for
typical neutron spectra behind the biological shields of nuclear-physics facilities [13]. The
data set of 333 neutron spectra has been used to calculated ks as follows :

E

ks= | Ry(E))(E)E.
Enin

Here, R5(E) is the energy-dependent response of the detector, consisting of a 5-inch

sphere and a 4-mm x 4-mm SLiI(Eu) scintillator, and ¢(E) is the literature spectrum, where
Em
j WE)E =1.
Emin

Emin and Emax are the spectrum energy range bounds given in the literature. ks can be
thought of as a “neutron flux meter”. The values of ks measured in this work (see Table

5) are also shown in the figure. Similarly, responses of the 12.inch sphere, ki3, were

calculated. These, along with our measurements, are shown in Figure 9.

The ratios of the 12-inch sphere-to-5-inch sphere responses, Nj3/Ns, were calculated
using the same data set as above. These are displayed in Figure 10, along with our
measured values. The ratio obtained from the calibration data using a PuBe source (+) is
also shown. The ratio N15/Ns can be used as a "<E;> meter".
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The average spectrum-weighted fluence-to-dose-equivalent conversion factor <h> is
shown in Figure 11 as a function of <E>. The values of <h> are given for 330 spectra
measured at nuclear physics facilities [13], and for 52 radioisotopic neutron-source
spectra [14]. <h> is calculated using : '

Emn.x
<b>= [WE)QEVE
Eruin

E,
where @(E) is the literature spectrum, with Ttp(E)dE =1, Emin and Eqax are the
E .

spectrum energy range bounds given in the literature. Values of <h> from our study (see
Table 5), and h(E)-the energy dependence of the maximum dose-equivalent [8], are also

shown.

V.  Parameterizing the Neutron Production Cross Sections

Nakamura has studied the energy spectra of neutrons from ion beams having energies
greater then 100 MeV per nucleon stopping in thick targets [16]. His phenomenological
analysis gives production cross sections expressed by a simple formula consisting of three

Maxwellian-like components, as follows:

2 3
d
== _ZIA:(EI THO)exp-E/Ti(8). (1)

i=
The first term corresponds to evaporation neutrons with nuclear temperature Ti= 2.2
MeV {2]; the intermediate component, having temperature T, corresponds to the pre-
equilibrium emission, and the highest component, having temperature T3, corresponds to

the cascade process.

The neutron energy spectrum F(E) is given by:

F(E}= Qdirect +®scattered . (3)
Measurements using all Bonner spheres were made only at point 9, where § = 94°. [The
results for 8 = 34°, 49°, and 59° are based on the response N(12”) only, with sensitivity
6.5 n/cm?/count for cascade neutrons only.] The measured spec&a, F(E) x E, are shown in
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Figures 4, 5, and 6. Contributions from scattered neutrons are observed to be large, as
evidenced by the significant neutron flux in the thermal region.

Using the analytical form in Equation 1, we fit the spectra F(E), measured at point 9, for

neutrons from the “He-induced reactions having energies greater than 2 MeV, obtaining

", E ) —4 E ] -5 E)
irect(E) = E|10 ——|+24x1 - |+3, -—11.
Pdirect(E) E[ exp[ 7 X107 ex 113 +33x10 " ex % 2)

Figures 4, 5, and 6 also show the fits to the data. The integral characteristics are given in
the Table 5a.

Figure 12 shows the angular distributions of neutron yields, which we parameterize by
Pdirect(8) = Cx exp(~p8) . 4
The total neutron yield Yiotal may be obtained using
Yioral =27 | 9(6)sin 66 = 2:ac(‘-gn—“). 5)
0 (B°+D
The values of b, C, and Y, calculated from the data shown in Figure 12, are given in

Table 6. Comparisons of the present experimental results to other measurements are

shown in Figure 13.

According to the data in Table 6, the ratios of total yields (4He:12C:160) are 1:0.32:0.39.
These can be compared to the ratios of the ion ranges, 1:0.35:0.27, and to the ratios of the
number of nuclear interactions over the range, predicted by an energy-dependent
geometrical model [17], 1:0.49:0.41. The ratio 4He:12C agrees well with the ratio of the
ranges (assuming a 10% uncertainty in the total yields). However, the 4He:160 ratio
agrees better with the ratio of interactions. If our data are correct (we cannot rule out
beam current normalization uncertainties between the two experiments) an experiment

using a heavier projectile would be interesting.
VI. Estimation of the Dose Equivalent Behind a Thick Shield

For ion beamns exceeding energies of 100 MeV per nucleon it is possible {18] to use a

phenomenological shielding model developed at high-energy proton accelerators, the
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“Moyer model”, to estimate the dose equivalent. In this model, it is assumed that the
dose-equivalent due to neutrons penetrating a thick shield is proportional to the high-
energy particle fluence, h(E;), and the amount of shielding present, by

HEp)
H(E.0,.94) = rz” exp(—-P8) x exp(~d(6)/ 1). (6)

Here, 8 and r are the angle and distance, respectively, between the beam direction and the
“neutron detector”, Bis a constant, d(8) is the effective shielding thickness at angle 8,

and A is the attenuation length for neutrons in the shielding material.

In principle, it should be possible to modify Equation 6, for neutron production at high-

energy heavy-ion accelerators. We have done so using our *He data. First, we note the

...ﬁn'
angular distributions have a shallow slope. Then, in Equation 5, (e *+1)

Yiotal = 2RC, as for a point source. Secondly, the maximum dose equivalent is when
0= % . This condition allows one to estimate the maximum lateral shielding necessary for

some desired dose-equivalent outside of the shielding.

From these two considerations it follows that dose equivalent behind the shielding can be
estimated by

d,_05XYgx<h>  d
H(r, A.)- = exp( 1). Q)]

where 0.5Yotal is the neutron yield from the intermediate-energy component (pre-
equilibrium emission, with effective temperature T2) and the high-energy component

(cascade process, with effective temperature T3). We have also used the fluence-to-dose

equivalent conversion factor <h>= 4.5x10-10 Sv/neutron/cm?2, obtained from Figure 12,
at <E>=30 MeV, the average neutron energy for (s

We estimate A, using Equation 7 and our experimental results for point 1, where H(point
1, *He ions) = 1.69:10-1 Sv/ion, r = 403 cm, d = 308 g/cm2, and Yioia = 4.9. We obtain A =
38 g/cm?. In our case, A = 38 g/cm? corresponds to <Ep> = 2T3 ~70 MeV for highest
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component T3 of the cascade process. This result shows good agreement with those given
by ref. [19], where A = 36 g/cm? for B, = 41.5 MeV, and A = 46 g/cm? for Ep = 64.3
MeV.

Finally,

05X ¥igqq1 x4.5x10710

H(r,d)= 5 exp(— -5%) [Sv/ion), (8)

4nr
VII. Estimation of the Effect of Local Iron Shielding

A vertical view of the beam line for the local-iron-shielding experiment is shown in
Figure 2. Pre-equilibrium and cascade neutrons from the Hevimet target penetrate the
local iron shield, and the concrete shielding of the Analysis Hall roof, where the
measurements were made. The local shield consists of iron block, having a thickness of

25.4 cm. The total thickness of the concrete, in two layers of beams that make up the roof
shielding, is 137.2 cm.

We refer to the point on the roof where the measurements were made as point 8, when the
local shield was rolled back, leaving just concrete shielding between the target chamber
and the detector. We refer to this point as 8%, when the shield was in place. Only the
integral characteristics of the field were measured, using the 5-inch and 12-inch spheres.
These are:

(1) the fluence-weighted average neutron energy <E>, estimated by comparing the
measured ratio N(12")/N(5") to the dependence of this ratio on <E,>, shown in
Figure 10;

(2) the neutron fluence F, estimated from the dependence of the ratio N(5")/F on
<Ep>, shown in Figure 9;

(3) the average spectrum-weighted fluence-to-dose-equivalent conversion factor <h>,
estimated from the dependence of H=F<h> on <E;;>, shown in Figure 11; and

(4) the neutron dose equivalent H, from the dependence of H/N(12") on <E,>, shown
in Figure 11.
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Table 9 summarizes results. Dose equivalents were calculated using Equation 8, based on
experimental results for point 1, which is also at about 90°. Tables 9 and 10 show the
following:

(1) The value for <E> at point 8 is about 10 times smaller than for point 1. This is
because that the local iron shield, even when moved back from the target, scatters
neutrons into point 8, contributing to the low energy portion of the spectrum,

(2) Moving the local shield over the target further reduces the average energy by
about a factor of two, although the flux remains nearly the same. Because of the
energy shift, the <h> and the dose equivalent are reduced by a factor of 1.4 to 1.5.
The calculation of the scattered neutrons shows that the dose equivalent should be

reduced by nearly a factor of four.

VIII. Estimation of the Dose Equivalent Above the Steel (Iron) Roof
Shielding of the K1200 Cyclotron

The K1200 cyclotron roof shielding consists of two moveable iron slabs, each having a
thickness of 30.48 cm. These slabs roll on stationary iron slabs (see Figure 3), which are
also 30.48-cm thick. This thinner iron shielding was specified to allow access for the
facility crane. Because iron “leaks” low energy neutrons, it was of interest to measure the
neutron spectrum above this roof. As before, point 1 is used for reference. Neutron
spectral characteristics were measured at eleven points. Those points, denoted with “T”
(1T through 11T), are above (at approximately 90° to the beam direction) the K1200
cyclotron, as shown in Figure 2. This area is secured from entrance by personnel during

cyclotron operations.
Only the integral characteristics of the fields were measured, using the 5-inch and 12-inch
spheres as described in Section VL The results are given in Tables 4, 5, 7, and 8, and are

shown in Figures 8,9, 10 and 11.

The neutron spectra above the shielding can be described by :
(1) the high energy leakage neutron component
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@ case. = EX[Cy exp(= -f—)+ C3 exp(- %)1, where
Ty =10MeV, T3 = 30MeV;

(2) a quasi-Maxwellian "evaporation” component of the spectrum with the effective -
temperature about 2 MeV;

(3) a1/ E component of the spectrum from the air-scattered neutrons (below 0.1
MeV);

(4) an intermediate-energy neutron peak behind the thick iron shield which is related
to the neutron-iron interaction cross-section minimum (in the vicinity of the
neutron energy of 24 keV); and

(5) an additional contribution from the intermediate energy neutrons from the
communication penetrations of the shield ( below 1 keV), This has been observed
in the analysis of neutron spectra behind 'the biological shields at other nuclear
installations [20].

The data show that the iron shielding reduces the average energy of the neutrons by a
factor of about 56, but the flux is increased by “low-energy leakage” and scattering.
Hence, the dose-equivalent per ion is not much reduced. This iron shielding should be
supplemented by the addition of lighter mass shielding, to reduce the number of low-
energy neutrons that penetrate this iron shield.

IX. Comparison between the Method of Reconstructed Spectra and
the 6-Spheres Method

The integral values of neutron fields (see Table 2 and 5) have been calculated by the
unfolding method to reconstruct the spectra of these fields. We also obtained them using
the 6-spheres method [8, 21]. In this method one takes

6 6
F=R Y A.xN, <E>P Y B xN,
. P70 . P70
i=1 i=1
6 6
H=K ¥, BiXNi H*(10)=L ¥, CiXNi

i=1 i=1
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where N; is the count rate from neutrons as measured by the SLil(Eu) detector with I-th
moderator; R,P,K,L are the normalization factors; A;, Dj, B;, C; are the positive fitting
parameters such that:

6 6
Y A X1 (E) = const Y Dy xn;(E)=E
i=1 i=1

6 6
2 B X1 (E) = h(E) 3, Ci xi(E) = h*(10)(B)
i=1 i=1

where 7n;(E) are the responses of the Bonner sphere spectrometer.

The integral values calculated from unfolded spectra, and those obtained with the 6-
spheres method, are given in the Table 10. The two methods show good agreement, at the
~ 10% level for F, H and H*(10), and at ~25% level for <E>.

X. Conclusions

The results obtained in this work are useful for a determination of the neutron source-
term, and for a determination of dose-equivalents. Both are valuable for the shielding
design studies at the NSCL.

We learned that local iron shielding inside of a vault’s concrete shielding significantly
reduces the average neutron energy observed outside of the concrete shielding. However,

neutron scattering from local shielding can increase the observed flux outside of the vault.

We also observed that a vault roof constructed of iron greatly reduces the average energy
of the neutrons, but the flux is increased by “low-energy leakage” and scattering. We
found the dose-equivalent per ion is not much reduced. This pointed out the need to
supplement this iron shielding with lighter mass shielding, to reduce the number of low-
energy neutrons that penetrate the iron shield.

Our results may prove useful to other accelerator facilities producing heavy-ion beams

with similar energies.
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Table 1: Location of Measurement Points in the Plane of Figure 1.

Geometry Thickness t of
Point angle 6 distance R from target concret;;' )
[degree] fcm] [gfem
1 94 403 308
2 82 446 341
3 73 499 471
4 65 568 560
5 54 726 716
6 49 862 863
7 44 1055 1057
9 94 121 0
10 59 176 : 0
11 49 248 0
12 34 402 0

*) density = 2.4 g/cm3

Table 2: Integral characteristics of the 239Pu-Be neutron spectrum at a distance of 777-

mm (center of detector-to-center of source).

INTEGRAL VALUES
METHOD F <EBE> <h> <h*>
[n/cm2/s] [MeV ] x10-10 x10°

[Sv;cm2] [Svmcmz]

115.0%)
Ref.[6] 4.157 3.642 3.699
+- 5%
Spectra unfolded
+5.8 +.112 +.008 +.015
1150255 41577603 3642006 | 36997013

with a priori **)

*) certificate of calibration: source strength = 8.73x 109 neutrons/second (Pu-Be M-830

Monsanto Research Corp.)

**) shape of the spectrum from Ref. 8 with calibration™)
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Table 3: Response N(j) of the Bonner sphere j for the neutron spectra (counts per

incidence ion in the thermal peak) and for the Pu-Be source (counts per second in

the thermal peak).
Sphere Point 1 Point 9 Point 9T
Dia. Pu-Be
finch] 4He 12¢ 4He | 12¢ 160 4He
2" 7.83E-01 | 1.92E-10 | 5.98E-11 | 3.82E-06 | 1.42E-06 | 2.07E-06 | 2.97E-09
37 | 433E-00 | 2.12E-10 { 8.99E-11 | 1.16E-05 | 3.02E-06 |4.89E-06 | 5.19E-09
5” 145E 01 | 2.32E-10 | 1.27E-10 | 2.02E-05 | 4.72E-06 | 7.60E-06 | 6.06E-09
8” 1.99E 01 | 1.10E-10 | 6.55E-11 | 9.80E-06 | 3.48E-06 | 5.56E-06| 1.88E-09
10" | 1.83E01 | 7.10E-11 | 5.77E-11 | 5.35E-06 | 1.99E-06 | 2.85E-06 | 8.50E-10
12” | 1.43E01 | 4.52E-11 | 3.57E-11 | 447E-06 | 1.33E-06 | 1.59E-06 | 3.09E-10
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Table 4:Response N(5") and N(12") of the Bonner sphere (counts per incidence ion in the

thermal peak) at the points of measurement.

fons
4He 12¢ 160
Sphere diameter
Point 5" 12” 5” 127 5” 127

2 1.10E-10

3 1.05E-10 2.93E-11

4 8.95E-11

5 5.82E-11 8.01E-12

6 3.64E-11

7 2.65E-11

8 7.71E-11 1.01E-11
8*) 7.91E-11 | 7.60E-12

10 1.32E-05 2.53E-06 3.57E-06 8.34E-07 4.79E-06 1.15E-06
11 7.70E-06 1.31E-06 2.36E-06 5.14E-07 3.15E-06 6.39E-07
12 3.14E-06 5.67E-07 1.07E-06 1.66E-07 1.48E-06 2.41E-07
1T 2.30E-09

2T 3.42E-09

3T 3.88E-09

4T 3.76E-09

5T 3.21E-09

7T 1.62E-09
10T 6.13E-09
11T 4.24E-09

*) with local iron shield.
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Table Sa: Integral characteristics of the neutron spectra. The F, H and H*(10) are

normalized to 1 incident ion.

Point 1 Point 9 Point 9T
4He 12C 4Ho.a 12C 160 4I-Ie
F 1.28E-09 | 6.51E-10 | 8.34E-05 | 2.55E-05 | 3.94E-05 | 2.51E-08
neutron/cm 2
;}3; 3.17E-00 | 3.11E-00 | 4.98E-00 | 4.60E-00 | 3.03E-00 | 5.70E-02
c
<h> 1.32E-10 | 1.91E-10 | 1.91E-10 | 2.01E-10 | 1.81E-10 | 2.91E-11
Svxem2
<h*(10)> | 1378-10 | 2.01E-10 | 1.97E-10 | 2.04E-10 | 1.82E-10 | 2.27E-11
vacm2
? 1.69E-19 | 1.24E-19 | 1.59E-14 | 5.12E-15 | 7.13E-15 | 7.30E-19
A4
H"é(lo) 1.75E-19 | 1.31E-19 | 1.64E-14 | 5.20E-15 | 7.17E-15 | 5.70E-19
v
ks 5.52E-00 | 5.13E-00 | 4.13E-00 | 5.40E-00 | 5.185-00 | 4.14E-00
neutron/count
k12 3.74E09 | 3.47E-09 | 3.56E-09 | 3.85E-09 | 4.48E-09 | 2.36E-09
Sv/count :
126 MeV
sxer | FByx EdE
F= [F(E)ME<E>=-2
meV I F( E)dE
SmeV
126 MeV 126 MeV
| F(EYx WE)dE | F(B)x 1* (10 E)IE
<h>= Bm‘;zsmv : ’<h‘ >= Sme¥ 126 MeV
| F(E)aE J’F(E)dE
BmeV BmeV

H=Fx<h>H'(10)=Fx<h"(10) >,k = F H

N(5" ’k12= n
(5") N(12")
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Table 5b: Integral characteristics of the @ casc.{E) neutron spectra in the point 9 for 4He,

12¢, and 160. The F, H and H*(10) are normalized to 1 incident ion.

4He 12¢ 160
F
2.38E-05 8.36E-06 8.23E-06
neutron/cm 2
<E>
1.38E 01 1.37E 01 1.37E 01
MeV
<h>
4.03E-10 4.02E-10 4.02E-10
Schm2
<h*(10)>
421E-10 4.20E-10 4.20E-10
Svicm2
H
1.05E-14 3.36E-15 3.31E-15
Sv
H*(10) :
1.08E-14 3.52E-15 3.46E-15
Sv _
k12
2.62E-09 2.53E-09 2.08E-09
Sv/count
kf12
neutron/count ® 6.5E-00 6.3E-00 5.2E-00

126 MeV

[ e (EDEE

- wlkeV
* L N(12")
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Table 6: The thick-target neutron yields for 4He, 12C and 160 jons having 155 MeV per

nucleon.
Neutron Yield £(6) *)
Angle @ [ neutron / sr x incident ion ]
[degrees] 4He 12¢ 160
34 596 .169 202
9 524 199 204
59 509 162 185
94 425 122 121
C and B values, from fitting to Equation 4:
C
[ n/incident ion] 80 26 2
[ s?—l] 49 S1 Sl
Total neutron yields Y¢otal, from Equation 5
[ neutrons / incident ion ]:
4.90 1.56 1.74
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Table 7: Integral characteristics of the neutron fields above the K1200 cyclotron roof for

4He ions. F and H are normalized to 1 incident ion.

<E> ks <> F H
Point [MeV] [neutron/count) [Svxem?2 ] [neutmn/cmz] (Sv]

1 3.17E-00 5.52E-00 132E-10 | 1.28E09 | 1.69E-19
T 5.70E-02 214500 291E-11 | 9.52E09 | 2.77E-19
2T 5.70E-02 4.14E-00 2.91E-11 1.42E-08 | 4.12E-19
3T 5.70E-02 4.14E-00 291E-11 1.61E-08 | 4.67E-19
4T 5.70E-02 4.14E-00 2.91E-11 1.56E-08 | 4.53E-19
5T 5.70E-02 4.14E-00 291E-11 133E-08 | 3.87E-19
T 5.70E-02 4.14E-00 291E-11 | 6.71E09 | 1.95E-19
9T 5.70E-02 4.14E-00 291E-11 | 251E08 | 7.30E-19
10T 5.70E-02 4.14E-00 291E-11 | 2.54E08 | 7.39E-19
11T 5.70E-02 4.14E-00 291E-11 1.76E-08 | S.11E-19
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Table 8: Integral characteristics of the neutron fields behind MSU cyclotron for 12C jons.

F and H are normalized to 1 incident ion.

<E> ks <h> F H
Point [MeV] [neutron/count] | [Svxcm?] | [neutron/em2] [Sv]
1 3.11E-00 5.13E-00 1.91E-10 6.51E-10 1.24E-19
2 3.11E-00 5.13E-00 1.91E-10 5.64E-10 1.08E-19
3 3.11E-00 5.13E-00 1.91E-10 5.39E-10 1.03E-19
4 1.00E-00 4.20E-00 1.70E-10 3.76E-10 6.39E-20
5 3.50E-01 4.14E-00 8.00E-11 2.41E-10 1.93E-20
6 3.00E-01 4.14E-00 7.50E-11 1.51E-10 1.13E-20
7 3.00E-01 4.14E-00 7.50E-11 1.10E-10 8.23E-21
8 3.00E-01 4.14E-00 7.50E-11 3.19E-10 2.39E-20
g* 1.60E-01 4.14E-00 5.20E-11 3.27E-10 1.70E-20

Table 9: Integral characteristics of the neutron fields outside of the K1200 cyclotron

shielding at points 8 and 8* for 12C ions. F and H are normalized to 1 incident

ion.

Hx10%
[Svi
Point <E> Fx107° Experimen t. Calculated
[MeV] | [neutrons/cm?®] | Using the At one
energy average
dependence energy
of <h>
8 3.00E-01 3.19 239 283 20
g* 1.60E-01 3.27 170 190 5.1
Ratio: 1.9 ~1 14 1.5 3.9

* with exp(-tFe/ A Fe), where A Fe=18.6 cm [20].
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Table 10: The integral values of neutron fields obtained by means of the reconstructed

spectra (s) and with help of the 6-spheres method (f). The ratio f/s was obtained

without using the spectral data at point 9T.

F <E> H H*(10)
Point Ion Method

[n/cm?fion] [MeV] [Sv/ion] [Sv/ion]
1 4He s (123’::?;?)'10'9 317480 (169:20)x10710 | (L75£21)x10710
1 4He f (L194.09)x10™2 1L95£.23 L2079 | (17621 x10719
1 12C S (6-5 lfj%)ﬂo"m 311£78 (12421910719 | (131£16)x1071?
1 12C f (6.50+.55)x10~10 267435 (L3017 x1071? | (129%.17)x10719
9 4He $ (834233 10 49g*is (192 3)1074 | {1ea*3]Jero¢
9 4He f (9.484.75) x10™3 2.43+28 (1L7522)x107% | (L74x22)x10714
9 12C $ (255*38)07 460*13] 1 (si2tTalmo ! | (52014000718
9 12C f (236+20)x10~5 274436 (484+60)x10715 | (as6t64)x10715
9 160 8 (post3d o™ 3032 | (aszogxaots | (17t} heto~
9 160 f (3.59£.28)x10~3 228426 (6.2+68)x10715 | (619:70)x10713

({) to 096+.11 0.68+.18 1.00+11 097+11

9T 4He S (25154 Jrro™® 005712 | (130t Bj1o 1 | (57050 Jaro™10
9T 4He f (2.482.22)x1078 0.480+.056 (121£14)x10718 | (120£14)x10718
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Figure Captions

Figure 1: Plan view of the Analysis Hall at the National Superconducting Cyclotron
Laboratory, Michigan State University. The neutron measurements were carried out
within and outside of the shield walls of the Analysis Hall. The target position is labeled.

Numbers (see Table I) label the measurement locations.

Figure 2: Cross section/elevation view of part of the K1200 cyclotron vault and the
Analysis Hall. This view (the cross section A-A is defined in Figure 1) shows the position
of the target and the two positions of the local and moveable iron shielding.
Measurements were made at point 8* to test the effectiveness of the local shielding. The
cyclotron’s lower dee-stem structure is not shown. The shielding directly above the
cyclotron is made from moveable iron slabs, each 30.48-cm-thick.

Figure 3: Plan view of the “catwalk” above the roof of the K1200 cyclotron (sée also Fig.
2). The numbers label locations where we made neutron measurements. In the text, we
distinguish these locations from points at floor level by the post-fix label “T”. (This

figure shows a later configuration of the beam-line in the Analysis Hall.)

Figure 4: Neutron energy spectra F(E)XE from a thick Hevimet target bombarded by 155

MeV/nucleon 4He ions for the emission angle 940 (point 9, as defined in Fig. 1).

Figure 5: The same as Figure 3, but for 12C jons.

Figure 6: The same as Figure 3, but for 160 ions.

Figure 7: Neutron energy spectra F(E)XE behind the lateral concrete shielding, from a

thick Hevimet target bombarded by 155 MeV/nucleon 4He ions for the emission angle
940 (point 1, as defined in Fig. 1).
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Figure 8: The responses of a 5-inch sphere (ks) (“neutron flux meter”) are shown as a

function of <E>, for typical neutron spectra behind the biological shields of nuclear
physics facilities [13, 14]. A data set of 333 neutron spectra has been used to calculated

ks (*) as follows:
E
ks= TRs (EYp(E)E .
Emmin

Here, Rs5(E) is the energy-dependent response of the detector, consisting of a S-inch
polyethylene sphere and a 4-mm x 4-mm SLiI(Eu) scintillator, and ¢(E) is the literature

E
spectrum, where Ttp(E)dE =1. Emin and Epax are the spectrum energy range bounds
Enig

given in the literature, The value of ks measured in this work is shown by (®).

Figure 9: The same as in Figure 8 but for the response Kkj; of the 12-inch sphere

("neutron maximum dose equivalent meter"). The values of k12 ( +) were calculated using

E
[LGRG:

Emnin

BTR,z (EYp(E)IE
Ermin

k2=

The values of k12 measured in this work are shown by (®).

Figure 10: The same as in Figures 8 and 9 but for the response ratio N(12*)/N(5”)
("neutron <E> meter"). The values of N(12”)/N(5”") measured in this work are shown by

(®). The ratio obtained from the PuBe-source calibration data is shown by (+).

Figure 11: The average spectrum-weighted fluence-to-dose-equivalent conversion factor

<h> is shown as a function of <E>. The values of <h> are given by (*) for 330 spectra
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measured at nuclear physics facilities[12], and by (g) for 52 radioisotopic neutron source

spectra [15]. The values of <h> measured in this work are shown by (@). <h> is
calculated using :

Emax
<h>= [WE)ENME ,
Ernin
Em
where @(E) is the literature spectrum, with Itp(E)dE:l s Emin and Epax are the
E . .

spectrum energy range bounds given in the literature. The energy dependence of the

neutron maximum dose equivalent h(E) [7] is shown by (== ).

Figure 12: Neutron yields as a function of angle, ¢(8), from a thick Hevimet target
bombarded by ions of 4He (W) 160(A) and 12C (@) having 155 MeV per nucleon. Fits to
the equation @(@)=C xexp(—p6) are shown. Table 6 lists the values of the fitting

parameters C and .

Figure 13: Total neutron yields for protons and ions as a function of incident energy per
nucleon: (---), (—), (0), () are experimental and calculated data for protons. The
references for these are cited in Ref. 2 and 17. The heavy solid line depicts data for 4He
ions stopping in copper. These references for these data are cited in Reference 2; The

yields from the present study are shown by: 4He (W), 160 (A), and 12C (®).
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