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can occur when boron nuclei fuse with pre-implanted boron 

nuclei. The 

11B( 11B,n)21Ne reaction or for short the B-B 
reaction can result in much higher dose rates due to the 
greater cross-section as compared to the B-C reaction. Neu-
tron radiation from pre-implanted boron conditions has been 
studied. Methods of limiting neutron dose rates by limiting 
boron beam currents, increasing the distance to the target/
neutron source and/or by shielding with polyethylene have 
been tested. A comparison of commercially available neu-
tron detectors is also presented.

Nuclear fusion reactions

As mentioned above, for very high energies the positive 
nuclei of the high energy projectile can tunnel through the 
Coulomb barrier of the target nuclei, which is a well-known 
quantum mechanical effect. This mechanism in turn leads 
to a fusion reaction of the projectile with the target nuclei 
and typically results in either high energy gamma and/or 
neutron radiation. The reaction probability for the projectile 
to penetrate the Coulomb barrier can be calculated while the 
cross-section has the basic form [3]:

with

and

(1)�(E) =
S(E)

E
e
(−2G)

,

G = Z
a
Z
X

√

Â
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G is called the Gamow factor and Â is the effective mass 
number. We didn’t measure the S-factor and are assuming 
that the reactions considered here are non-resonant.

In Fig. 1a the cross-sections for the three main reac-
tions of concern: 12C(11B,n)22Na, 11B(11B,n)21Ne and 
11B(10B,n)20Ne were plotted according to Eq. (1) assum-
ing the S-factor is about the same for all three reactions 
in order to make a rough comparison. As is apparent by 
the trends of the graph, the higher the energy the more 
probable it is for the neutron producing reaction to occur. 
According to this theoretical estimate, the neutron flux 
from B 7.5 MeV is ~ 10 × higher than at 6.0 MeV and 
~ 1000 × higher than at 4.0 MeV.
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Pre‑implanted boron

As seen from the Gamow cross-section estimates in 
Fig. 1a, the higher the energy the more probable it is to 
generate neutron radiation. However, as the boron ions 
penetrate the target, they lose energy quickly as shown 
in Fig. 2a for a B 7.5 MeV beam directed onto a graph-
ite target. This data was generated with the simulation 
program SRIM [4]. As a result, for the B-B reaction to 
occur, the pre-implanted boron needs to be shallow or, in 
other words, only previous boron implants at low energy 
will contribute to neutron radiation when subsequently 
implanted with high energy boron. In Fig. 1a the boron 
distribution after a high energy implant is also shown 
(dashed line). The peak of this distribution coincides with 
the solid energy loss curve where it approaches zero, so 
previous high energy implants of the same energy will 
not generate any neutron radiation (disregarding long term 
sputter effects).

To verify the effect of increased neutron radiation due to 
pre-implanted boron at low energies a clean graphite target 
was first exposed to low energy boron beams for a certain 
amount of time and subsequently to high energies boron 
beams in order to measure the generated neutron and gamma 
dose rates (Fig. 2(b) and (c)). For the first round mechani-
cal wafers were cycled over-night and implanted with low 
energy boron at 0.5 MeV, 1 MeV and 2 MeV with a beam 
current of 700 pµA exposing the graphite target intermit-
tently for a total implant dose of about 4 × 1017cm−2 per 
implant. The subsequent dose rates for the high energy 
boron beams at 4.3 MeV, 5 MeV, 6 MeV, 6.5 MeV, 7 MeV, 
7.5 MeV and 8 MeV were almost identical to the ones meas-
ured for the clean graphite target. For the next two rounds 
of measurements, the same low energy beams mentioned 
above were cycled, but the graphite target (no wafers) was 
exposed for 61 h, which is equivalent to an implant dose 
of about 4 × 1019cm−2 per low energy implant. Dose rates 
increased by about 10 × for both neutrons and gammas. 
Following this, another round of low energy beam implant 
cycles was implanted into the graphite target (no wafers) 
for an additional 16 h (about 1 × 1019cm−2). This last round 
changed the dose rates insignificantly and were basically 
identical. An estimate of the implanted boron concentra-
tion in the graphite target suggests that surface concentra-
tion reached saturation by exceeding the concentration of 
solid/bulk boron of 1.28 × 1023 cm−3, which explains why 
the neutron and gamma dose rates did not increase further. 
Figure 2(b and c) indicate that the measured dose rates for 
gamma radiation show almost an identical trend but are 
about 10–30 × lower compared to the neutron radiation. For 
comparison the data points from the BN and Si target tests 
(Fig. 1c) were plotted. As expected, Si generates very low 
levels of radiation because it has much higher Z and there-
fore a higher Coulomb barrier. The data point for the BN 
target, which was scaled to solid boron, is even higher than 
the 77 h data point because it also contained about 20% 
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with low energy boron and can therefor serve as a worst-case 
scenario. It was further assumed that the radiation spec at 
about 1 m from the graphite target cannot exceed 30 µrem/hr. 
The data show an almost perfect inverse exponential trend 
for the energy range 4–8 MeV. For comparison we also plot-
ted the expected theoretical trend in Fig. 3a based on Eq. 1, 
which does not fit the experimental data very well probably 
because the S-factor is not constant.

As can be seen from Fig. 3a, the maximum beam currents 
without shielding for energies > 5.3 MeV become too small 
to be of practical use for ion implantation as wafer through-
put would be prohibitively small (extremely long implant 

times) and even simple measurements such as beam parallel-
ism with the current metrology devices would be too noisy 
to be reliable.

To overcome the quite restrictive beam current limita-
tions, either an increase in distance from the neutron source 
or shielding can be employed. Neutron and gamma radiation 
drops off according to the inverse square law I2 = I1(d1/d2)2 
(see Fig. 4c), with I1 being the dose rate at distance d1, and 
I2 the dose rate at distance d2. Therefore, increasing the 
distance for example by 3 × will reduce dose levels by 9 ×, 
which can help to decrease dose rate levels significantly. 
However, clean room space is very costly, so the implanter 
footprint including the enclosure needs to be kept as small as 
possible. Neutron shielding, on the other hand, is a more via-
ble solution if other solutions such as different surfaces and 
materials are not an option. Shielding materials that contain 
large quantities of hydrogen are most effective in thermaliz-
ing neutrons because the momentum transfer is optimal due 
to the practically identical mass of protons and neutrons. The 
thermalized neutrons can subsequently be absorbed by the 
hydrogen itself (leading to a buildup of 2.2 MeV photons) 
or by added boron compounds (producing 0.5 MeV photons, 
which can easily be shielded) [5
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	 5.	 NCRP Report No. 144, “Radiation Protection for Particle Accel-
erator Facilities”, (National Councilon Radiatioin Protection and 
Measurements, 2003)
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