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I  Abstract 

The future installation of the Electron-Ion Collider (EIC) at Brookhaven National Lab 

(BNL) has brought forth a need to assess the current radiation shielding at the 12 o’clock site of 

the Relativistic Heavy Ion Collider (RHIC), which will be converted into the EIC. Here, we 

examine the resulting radiation due to the hadronic collimator, located in the 12 o’clock 

experimental hall, and the electron beam dump, located east of 12 o’clock, between magnets Q3 

and Q4. Each equipment site has unique geometry and each experience different particle loss 

patterns. Using Monte Carlo simulation package MCNP6.2, we constructed detailed models of 

the collimator and the beam dump including their respective surroundings. We then ran 

simulations to estimate the radiation doses outside the shielding structures. Simulation results 

suggest that current shielding is sufficient, but soil activation is a serious concern that requires an 

impenetrable cap to prevent leakage into the water table. Additional shielding can be added if it 

is found to be necessary. 

II Background 

The RHIC and the future EIC are potential sources of significant radiation emissions as 

trillions of particles will circulate the EIC during operation. While the RHIC has already been in 

operation for over two decades, the EIC has yet to be built and therefore no data exists to suggest 

the safety of the EIC in regards to radiation emissions. Thus, simulation of areas of high potential 

for radiation emission ensures that safety standards are followed for the well-being of BNL 

employees, the general public, and the environment.  
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New accelerator instruments, which may potentially produce high radiation, will be 

placed at two different locations around the 12 o’clock interaction point of RHIC. Running 

simulations ensures existing radiation shielding is sufficient to meet BNL radiation dose 

emission standards. 

The first simulation created was at the future site of the EIC hadronic collimator, located 

at the 12 o’clock interaction point site of RHIC within the area shown in green in Figure 1. A 

collimator’s role is to narrow the particle beam (analogous to removing the fuzzy halo 

surrounding a laser beam or flashlight) thus reducing possible background for particle detectors 

at the interaction points. In private communications with Angelika Drees2, an expert on 

collimators, the routine loss of hadrons due to a collimator is 1% loss/hour, with a maximum loss 
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Fig. 1 A map1 of the RHIC collider showing the areas of interest for simulations shown in this report. Area  
          in green is an approximate regions simulated for collimator simulations. Area in blue is approximate region  
          simulated for beam dump site.



of 10% loss/hour. This makes the collimator site critically important to simulate as radiation of 

this magnitude could be detrimental to one’s health. 

The second simulated area was the site of the electron beam dump which was chosen 

because excess electrons will be disposed of here constantly during operation. EIC’s electron 

beam dump is expected to be positioned between the Q3 and Q4 magnets, which lie between the 

12 o’clock and 1 o’clock interaction points; this is the roughly the region within the blue box in 

Fig. 1. As many as 1.24 quadrillion ( ) electrons/hour will be dumped each hour—

supporting calculations shown in section V. This source of electron radiation can cause neutrons 

and photons to be produced under nuclear interactions, which can more easily pass through the 

shielding. 

 Both areas were simulated to test that dosage in areas of possible exterior foot travel; 

these regions include parking lots and key points outside the berm. Additionally, there is a 

substantial concern for radiation contamination in the soil surrounding the electron beam dump, 

called soil activation, which can leech into the water table and thus cause serious damage to the 

water supply. This occurs when radiation in the form of free neutrons enters nearby soil and 

causes stable isotopes to become unstable. 

 To create the simulations, this project relied upon MCNP6.2 for all simulations which is a 

transport code that uses Monte Carlo methods to simulate the procession of particles traveling 

through a simulated geometry3. While traveling through the simulated geometry, particles 

interact with their surroundings probabilistically, either continuing on their original path or 

causing new particles to spawn. Only two types of detectors were used in the simulations. The 

1.24 × 1015
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first utilized MCNP6.2 detector tallies, which act as detectors at a single point3. For these 

simulations, output from detector tallies gives a count of the measure of rem/particle at the tally 

location. The second type of detector, MCNP6.2 mesh tally, generates 2D histograms that give a 

more comprehensive look at the distribution of radiation intensity (flux) at various locations of 

interest in a color spectrum3. Only neutron and photon tallies are used in the simulation because 

they are the only two relevant radiological dosages posing potential safety concerns at these 

locations. 

5

Fig. 2  Four different views of the collimator site—red dots represent detector tallies.  
Fig. 2a. shows a screenshot of the xy plane of the experimental hall and parking lot at z=0. 
Fig. 2b shows the xz plane at y=0 and the detector tallies.  
Fig. 2c shows the collimator design in the yz plane. 
Fig. 2d shows three different z positions of the collimator within the beam pipe in the xy plane.



III  Methods 

The general construction of the two geometric models followed a similar process. 

Blueprints were carefully studied to understand the originally planned physical geometry of the 

area. Since the blueprints are upwards of two decades old, photographs of the exterior of the 12 

o’clock experimental hall were also obtained to compare the current state of the shielding against 

the original blueprints. From this combination of blueprints and photographs, measurements 

were obtained and wherever organic geometry occurred, approximations were taken to favor a 

slight overestimate of the radiation (e.g. the berm). All measurements in the engineering 

blueprints were given in imperial units. Since MCNP6.2 input requires cm, all distances were 

converted using standard conversions. 
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Fig. 3    Three different views of the beam dump site—red/pink dots represent detector tallies.  
Fig. 3a. shows a screenshot of the xy plane of the service tunnel (left) and the RHIC collider  
              tunnel (right) at z=0. Note there are detectors at y=0 and y=~600. 
Fig. 3b shows the xz plane at y=0 and the approximate of detector tallies.  
Fig. 3c shows the beam dump design in the yz plane.



 With an understanding of the geometry, models were then constructed in MCNP6.2 using 

a simplified list of materials. The list of all materials used for the simulations included 

aluminum, brass, concrete, copper, reinforced carbon, soil, and steel. Upon successful creation of 

the geometric model and thorough examination for any undefined regions, simulations began. 

Tallies were used to gauge where the regions of high radiation occurred within certain areas of 

interest. Most tally simulations were used to gauge the radiation dosage at the closest areas 

persons would be present outside the shielding. After determining where the regions of high 

radiation occurred, mesh tallies were used. Both tally and mesh tallies counted only a single type 

of particle for any given simulation. Photon or neutron radiation extracted from the simulation 

and analyzed. 

IV  Results 

Hadronic Collimator Results 

The simulations for the hadronic collimator sought to estimate the dosage outside the 

experimental hall. Two different collimator materials were compared to see which would 

produce higher doses: copper and reinforced carbon. Calculations were done using F5 neutron 

tally detectors placed at beam height (y=0) with an x-distance of ~1777 cm every 100 cm in the 

z-direction, as indicated in Fig. 2b. One-hundred thousand (100,000) particles were simulated. 

The results of these simulations are plotted in Fig. 4. Standard flux-to-dose calculations were 

used to convert from flux to rem/particle. 
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EIC Electron Beam Dump Results 

Simulations to estimate the radiation dose for the electron beam dump included two 

regions: inside the collider ring beyond the berm (red dot in Figure 3a.) and above the topsoil 

directly over the EIC tunnel (pink dot in Figure 3a.). For both sets of simulations, F5 photon and 

neutron detector tallies were placed every 100 cm in the z-direction. Tallies for the inside of the 

collider ring were placed at beam height (y=0) and an x-distance of -2910 cm. Similarly, tallies 

for above the topsoil were placed at the geometric center of the RHIC collider tunnel (x=0) and a 

height of y=714.9788 cm, exactly 100 cm above the berm. Standard flux-to-dose calculations 

were used to convert from flux to rem/particle for both photons and neutrons. Only results for 

neutron dose results are shown in Figure 5. because photon doses were significantly smaller than 

neutron doses. 
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Fig. 4 Results of simulations run with one-hundred thousand particles simulated. All F5 tallies were placed with  
          the same xy coordinates, (x,y)=(1777.30875, 0).



The final simulations run estimated the soil activation near the beam dump using 

rectangular mesh tallies. The xy mesh tally was given the parameters given in Table 1. One-

hundred million ( ) particles were simulated twice: once with a 10 GeV source and 

another with an 18 GeV source. Results are plotted in Figure. 6. 

1 × 108

Table 1

X Range, Bins Y Range, Bins Z Range, Bins

XY Mesh Tally [-500, 371.48], 100 [-220, 500], 100 [95, 105], 0
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Fig. 5 Simulation results for dosage exposure within RHIC collider ring. Photons results are not displayed as all  
          results were considerably lower than those of the neutrons. For both regions, the 18 GeV source, shown in  
          dark green, sees higher dosage results.

Table 1 The ranges used for the XY mesh tally to examine soil activation outside the beam dump.
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Fig. 6 Dosage displayed as a heat map in the xy plane overlaid onto the RHIC tunnel where Fig 6a. shows results  
          with a 10 GeV source and Fig 6b. with an 18 GeV source.



V  Discussion 

 The values resulting from these simulations give general estimates for the radiation 

resulting from conditions outside the experimental hall area and various regions of the beam 

dump site. Using estimates for the number of particles present at each location, these values 

become more meaningful. 

The dose rate around the experimental hall at interaction point 12 can be calculated with 

additional information courtesy communications with Angelika Drees2 which says the maximum 

number of protons passing the collimator will be  protons of subject to 1% routine loss 

per hour to 10% maximum loss per hour. 

                       ,                       Eq. 1 

where  is the number of protons,  is the percent loss/hour, and  is the radiation dose in rem/

particle. The maximum simulated radiation dose is used for this calculation to place an 

approximate upper bound on the expected dose. With a routine dose of ~1 mrem/hour, the 

shielding around the experimental hall can be said to be sufficient as this is similar to receiving a 

dental x-ray (around 1.5 mrem)4. Even if a fault were to occur (a worst case, one-time 10% loss), 

a dose of ~10 mrem would be expected, which is the equivalent of receiving a chest x-ray4. 

 The number of electrons dumped per hour can also be calculated thanks to information 

courtesy of Christoph Montag5 stating that, 

5 × 1013

nplr = 5 × 1013 ⋅ 0.01 ⋅ 2.04 × 10−15 = 1.02 mrem /hour

np l r
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“The stored current in the electron ring is 2.5 A at 10 GeV and below, and 250 mA 
at 18 GeV. Up to 10 GeV we have 1160 bunches, and 290 bunches at 18 GeV. We 
replace 2 bunches per second at any energy.”



Using this information and the period of revolution approximately is seconds 

with 2 bunches replaced per second, the number of dumped electrons/hour at 10 GeV can be 

easily calculated as shown in Eq. 2. 

 electrons/hour,    Eq. 2 

where  is the number of electrons/hour, I is the stored current in the electron ring, T is the 

period of revolution,  is the number of bunches present for a given energy, and  is the 

fundamental charge constant. The same can also be done for 18 GeV yielding  

electrons/hour. Using Eq. 1 with l=100%, the doses are calculated in Table 2. These doses are 

smaller than simulated doses at the collimator. 

 Finally, soil activation surrounding the beam dump can be estimated using values 

approximated from the mesh tally plots shown in Fig. 6. The estimate for maximum flux outside 

the steel collider tunnel is approximately  at 10 GeV and  at 18 

GeV. Then the soil activation in atoms/cc/yr can be calculated. 

,            Eq. 3 

1.27888 × 10−5

ne = 2 ( 3600I T
qenb ) = 2 ( 3600 ⋅ 2.5 ⋅ 1.27888 × 10−5

1.6 × 10−19 ⋅ 1160 ) = 1.24 × 1015

ne

nb qe

4.95 × 1014

Table 2

10 GeV (mrem/hour) 18 GeV (mrem/hour)

Above Berm 1.13×10-3 2.06×10-4

Inside Ring (parking lot) 7.16×10−20 8.82×10−20

5 × 10−6 cm−2 1 × 10−5 cm−2

ϕ
λ

⋅ Nl ⋅ Ne =
5 × 10−6

40
⋅ 0.075 ⋅ (ne ⋅ 24 ⋅ 180) ≈ 5.02 × 1010 atoms /cc /yr
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Table 2 Simulated dosage results surrounding the beam dump for 10 GeV and 18 GeV. “Above Berm” refers to  
             the pink dot in Figure 3a. and “Inside Ring” refers to red dot in the same figure.



where λ is the interaction length (cm), φ is the flux, Nl  is the number of atoms per 

interaction (0.075 for 3H) and Ne is the number of electrons/year. Eq. 3 assumes the collider runs 

24 hours a day for 180 days out of the year. For 18 GeV, the soil activation is  atoms/

cc/yr. Using BNL's standard leeching model of tritium production6, the soil activation values can 

be easily converted into the standard pCi/L/yr values7. The soil activation values, both of which 

violate the 5% of drinking water or 1000 pCi/L standard, are listed in Table 3. 

 These results indicate that best estimates suggest dosages at the closest areas persons 

might pass during operation (parking lot, above berm, and inside collider ring) are within safe 

ranges. While shielding can be added if desired, simulations indicate that the current shielding is 

satisfactory given current expectations of the running parameters of EIC operation. However, 

soil activation requires additional measures to be taken. Construction of an impenetrable cap to 

divert water away from contaminated areas and prevent radioactive isotopes from seeping into 

the water table is the easiest way to prevent radiation from the beam dump from causing 

significant harm to the populous and the environment. 

4.01 × 1010

Table 3

10 GeV (pCi/L/yr) 18 GeV (pCi/L/yr)

Soil Activation 2.64×106 2.11×106
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Table 3 Soil activation results calculated taken from results featured in Fig 6. Flux values are the best visual  
             approximations of the highest flux values occurring within the soil outside the tunnel.
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