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Introduction 

The Fermilab High Intensity Neutrino Source (HINS) R&D program will construct a 

shielding enclosure for the HINS 30 MeV proton/H- linac in the Meson Detector 

Building (MDB). The enclosure design must accommodate two potential radiation 

sources: 1) the loss and absorption of proton/H- ions during designed beam operations 

and 2) x-rays generated within the RF cavities even in the absence of the design beam. 

 

This note addresses the second potential radiation source: x-rays due to electrons from 

ionized background gas or surface emission that are accelerated in the high electric fields 

of the RF cavities. Shielding requirements for radiation due to operation of the design 

proton or H- beam shall be documented elsewhere. 

 

The linac comprises a Radio Frequency Quadrupole (RFQ), two copper-plated steel re-

buncher RF cavities, sixteen copper (room temperature) RF accelerating cavities and 

eighteen β=0.2 SSR1 superconducting (SC) spoke resonator cavities. A conservative 

estimate of the x-rays potentially generated by operation of these cavities at their full 

design accelerating gradient is presented and corresponding shielding requirements are 

assessed.   

Assumptions and Estimates 

This document proceeds along the lines of logic used in “Estimate of X-Ray Shielding 

and Radiation Monitoring for Safe Operation of the HINS Cavity Test Cave in the Meson 

Detector Building”, Beams-doc 2598-v3.  

 

Estimates of x-ray yields are based on the maximum energy that can be obtained by 

electrons emitted from the cavity surfaces, the power available to drive that electron 

current, and any physical factors that otherwise limit the electron current.  

 

X-rays produced in the RFQ are not considered in this document. The RFQ is located 

outside the linac shielding enclosure and its construction includes a thick-wall steel 

vacuum vessel that provides attenuation for x-rays generated within the RF structure. X-

ray measurements shall be made as the RFQ is commissioned to full RF power. Any 

required x-ray mitigations will be based on those measurements.  



Table 1. Cavity Parameters 

 

Cavity Type Maximum 

Total Voltage 

# of Gaps Assumed Electron  

Beam Energy 

Re-bunchers 0.165 MV 1 0.165 MeV 

Copper 3-spoke 0.33 MV 2 full and 2 half 0.11 MeV 

Copper 4-spoke 1 MV 3 full and 2 half 0.25 MeV 

SC β=0.2 1.5 MV 2 0.75 MeV 

 

Maximum Attainable Electron Energy Assumptions 

All cavities to be operated in the HINS linac enclosure at MDB are designed for 

acceleration of non-relativistic protons or H- ions (e.g. β=0.2 for the SSR1 

superconducting cavities). They are, by geometry, inherently ineffective for imparting the 

full, integrated multi-gap cavity voltage to particles of the “wrong” velocity. The large 

charge-to-mass ratio difference between protons and electrons makes the velocity of an 

electron “wrong” under any stable condition for these structures. It is reasonable to 

assume that the maximum possible energy imparted to an electron in the system is that 

from just one accelerating gap in a single cavity rather than that from the sum of multiple 

gaps. Table 1 shows the parameters used for x-ray shielding calculation purposes for each 

of the relevant cavity types. 

Available RF Power 

The HINS linac RF power distribution system is designed to supply a specific, individual 

level of power to each cavity determined by the cavity construction and the accelerator 

physics design of the linac. Tables 2 and 3 show the peak pulsed RF power required by 

each of the 16 copper cavities and the 18 superconducting cavities respectively. (Note 

that copper cavities 1-4 are the 3-spoke type and 5-16 are 4-spoke type.)  The re-buncher 

cavities each require 6 kW RF power, well below that of the cavities that dominate the 

shielding requirements. The re-bunchers are considered no further. 

 

The copper cavity table presents power requirements assuming 10 mA beam current, 

whereas the superconducting cavity table assumes 25 mA. For calculations in this 

document, the highest RF power level requirement for each cavity type is assumed, the 

copper cavity power is scaled up to that required for 25 mA beam current, and a 50% 

allowance for power overhead is applied.  The assumed available operational peak power 

levels are then: 

 

1.5*(10 + 25/10 * 2.14) = 23  kW for the Copper 3-spoke 

1.5*(44 + 25/10 * 7.8)   = 95  kW for the Copper 4-spoke 

1.5*(32)                         = 48  kW for the SC β=0.2 cavity 

 

 



Table 2. Copper Cavity Power Requirements* 
  

 
* from “Power tables for room temperature part of HINS”, G. Romanov, Dec 29, 2008. 

(Assumes 10 ma proton beam for beam power calculation). 

 

 

 

Table 3. Superconducting Spoke Cavity Power Requirements** 

 

 
** from “Ostroumov_energy_Nov_2006-revision-Feb_07.xls”, Peter Ostroumov, 

February 2007. (Assumes 25 ma proton beam for beam power calculation). 

 



 

A single 325 MHz, 2.5 MW peak power, pulsed klystron capable of a maximum 4.5 msec 

pulse and 1.5% duty factor drives the RF distribution system. Therefore, the time-

averaged power available to any cavity is only 1.5% that of the peak value. The average 

power potentially available to drive x-ray production for each cavity type is: 

 

345   W for the Copper 3-spoke 

1429 W for the Copper 4-spoke 

720   W for the SC β=0.2 cavity 

Other Physical Factors 

The production of x-rays from accelerated electrons is an inefficient process; at energies 

of concern here, >90% of the electron power becomes heat in the x-ray producing target 

[1] [Appendix 1]. In the superconducting cavities, heat due to the wasted electron power 

not converted to x-rays must be removed by the cryogenic system.  That system is 

designed to remove only a few tens of watts from any cavity while maintaining it at 

superconducting temperature and thereby allowing operation at design accelerating field. 

Calculations in this paper take no credit for this limiting effect and assume that SC cavity 

operation in the presence of 720 W of electron power is possible. This renders the 

subsequent analysis results conservative by at least a factor of ten.  

 

X-ray shielding provided by the ½ inch stainless steel wall of the cryomodule that houses 

the SC cavities is neglected in the calculations. This provides an additional factor-of-two 

conservatism to the analysis.  

X-Ray Source Term and Shielding Calculations 

Based on the parameters described above and assuming that the entire average RF power 

is available to produce electrons of the specified energy, the electron current available for 

x-ray production from each cavity type is: 

 

Copper 3-spoke --- 345 W / 0.11 MV  = 3.2 mA 

Copper 4-spoke --- 1429W / 0.25 MV = 5.7 mA 

SC β=0.2 cavity --- 720 W / 0.75 MV  = 1.0 mA 

 

The corresponding absorbed dose rates D for x-rays at one meter from an x-ray producing 

target are obtained from graph E.1 in NCRP Report No.51.  

 

For copper 3-spoke cavity 

At 0°       D = <0.5 (rad m
2) 

/ (min mA) x 3.2 mA = < 1.5 rad m
2
/min 

At 90°     D = <1    (rad m
2) 

/ (min mA) x 3.2 mA =  < 3.2 rad m
2
/min 

 

For copper 4-spoke cavity 

At 0°       D = <0.5 (rad m
2) 

/ (min mA) x 5.7 mA = < 2.9 rad m
2
/min 

At 90°     D = ~1      (rad m
2) 

/ (min mA) x 5.7 mA = ~5.7 rad m
2
/min 

 

 



 

For SC β=0.2 cavity 

At 0°       D = 8   (rad m
2) 

/ (min mA) x 1.0 mA =   8 rad m
2
/min 

At 90°     D = 20 (rad m
2) 

/ (min mA) x 1.0 mA = 20 rad m
2
/min 

 

The dose calculations that follow assume the most demanding case, SC cavities each 

presenting a radiation source term: 

 

SC β=0.2 cavity at 90°     D = 20 rad m
2
/min = 1.2E6 mrad m

2
/hr 

 

Figure 1 shows the enclosure cross-section in the region of the SC cavities. The ceiling 

height of the enclosure is 10.5 feet, in which case, the building crane height limits the 

enclosure roof thickness to three feet. With a cavity centerline height of 50.6 inches, the 

distance to the top of the roof is 111.4 inches or 2.83 meters. The enclosure sidewalls are 

farther from the cavity centerline than is the ceiling and the sidewalls offer the possibility 

of more than three feet shielding thickness if required. Therefore, the pertinent reference 

point for calculating potential radiation dose from the cavities is on the rooftop.  

 

In the linac, there are 18 SC cavities distributed in two cryomodules with a typical cavity-

to-cavity spacing of 0.75 meters.  Figure 2 shows the configuration. The total potential 

dose at a reference point on the rooftop above the line of cavities is the sum of that from 

each cavity with the respective distance and shielding factors taken into account.  

 

The unshielded dose rate from a reference cavity immediately below the reference point 

is: 

 

D0unsh = D / d
2
 = 1.2E6 / 2.83

2
 = 1.5E5 mrad/hr 

 

Figure E.12 in NCRP Report 51 gives the shielding dose equivalent tenth-value layer 

(TVL) thickness for x-rays in concrete as a function of primary electron beam energy. 

For 0.75 MeV electrons, the first tenth-value layer is ~7 inches and subsequent layers are  
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each ~5 inches. It follows that concrete shielding of thickness th inches then represents   

1 + (th - 7)/5 tenth-value layers, provided th > 7.  

 

The reference-point dose rate from the reference cavity with 36-inch roof thickness is 

then: 

 

D0s = D0unsh / 1E(#TVLs)  = 1.5E5 / 1E(1 + (36-7)/5) = 0.024 mrad/hr 

 

Two factors reduce the reference-point dose rate contribution from cavities on either side 

of the reference cavity; the ‘reference point to source’ separation is greater and the 

effective shielding thickness is greater. As depicted in Figure 2, the relevant distance for 

a cavity n positions from the reference cavity is: 

 

dn = sqrt(d
2
 + (n*s)

2
) 

 

and the effective shielding thickness is: 

 

thn = th * dn / d 

 

Therefore, the unshielded dose from a cavity n positions from the reference is:  

 

Dnunsh = D / (d
2
 + (n*s)

2
) 

 

The transmission through the shielding from this cavity to the reference point is: 

 

Tn = 1 / 1E( 1+ ((th*dn/d)-7) / 5) ) 

 

And finally, the resulting reference point shielded dose from that cavity is: 

 

Dns = Dnunsh * Tn 



 

 

      Table 4 displays the values of these terms for the geometry of Figure 2. The table 

shows that the increased shielding thickness due to the ‘hypotenuse effect’ is more 

important than the 1/d
2
 distance effect for reducing dose from offset cavities. This 

shielding effect renders radiation from offset cavities insignificant for any cavities offset 

from the reference by more than three positions.    

 

Analytically, the rooftop dose at the center of a line of 2k+1 cavities is: 
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With d=2.8 m, s=0.75 m and conservatively taking the summation over k=9, the quantity 

D2k+1 is found to be 0.053 mrad/hr.  

 

This is in agreement with the result obtained by adding the doses shown in Table 4, 

Column E, from the reference cavity and three cavities upstream and downstream.  

 

  

Table 4. Geometry Effects for Radiation from Cavities Offset from Reference 

 A                     B                       C                          D                               E 
 

A = n, cavity offset position (0 equals reference cavity) 

B = thn, distance to dose reference point (meters) 

C = Dnunsh / D0unsh ,1/d
2
 dose factor relative to reference cavity 

D = Tn/T0, shielding transmission factor relative to reference cavity 

E = Dns, dose contribution at reference point (mr/hr) 

 



Conclusion 

Calculations show that radiation due to RF cavity-produced x-ray outside the HINS linac 

enclosure will be small if that enclosure is constructed with concrete walls and roof at 

least three feet thick. Even neglecting realistic cryogenic system heat removal limitations 

and x-ray shielding offered by the SC cavity cryomodule walls, the worst case dose 

outside the enclosure due to RF cavity-produced x-rays is calculated to be of order 

0.05 mr/hr.   
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Appendix 1. From “The Atomic Nucleus”, Robley D. Evans 

with Webber notations 

 

 

 



 



 


