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SAFETY ANALYSIS OF THE 2.5 MV ACCELERATOR IN THE SOLID STATE 
DIVISION'S POSITIVE HEAVY ION SCATTERING IMPLANTATION, CHANNELING AND 

SPUTTERING (PHIS ICS) FACILITY 

0. E. Schow 

The Sol id State Division's 2.5 MV Positive lori Van de Graaff 

accelerator will be operated by individuals who have been trained by 

the Accelerator Supervisor. It is not necessary for all individuals 

to have the same competency since all that is required is the ability 

to safely operate the machine for the experiment of interest to the 

individual. 

The operating procedure for the accelerator is the following: 

First, the person with permission to use the machine will look to see 

that no one is in the tank room. The door to the tank room must be 

closed and locked before the accelerator can be energized. The key 

for the door and the key for the accelerator console are welded to a 

steei ring. The keys are captive in their respective locks whenever 

the accelerator is turned "ON" or the tank room door is unlocked. The 

key to the console is then turned "ON". The Belt Drive Motor "ON" 

button must be manually depressed until the ten-second warning bells 

stop ringing. Anyone in the accelerator tank room can hear the bells 

and see the rotating red lights in time to exit through the crash-bar 

door or they can halt the accelerator start procedure by engaging the 

accelerator stop switch visibly located near the door. At the end of 
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the experiment the accelerator is turned "OFF". At this time a 

safety system tests the Belt Drive Motor to verify that it is in fact 

de-energized on all three phases. 

1.0 GENERAL SAFETY 

All operational practices and procedures at the PHISICS facility 

in bldg. 3003* are in accordance with the general safety procedures, 

codes, and standards outlined in the ORNL Safety Manual and Health 

Physics Procedures Manual. In addition, there have been regulations 

established by the Solid State Division, for the protection of per-

sonnel and equipment. 

1.1 HIGH-PRESSURE ACCELERATOR TANK 

The pressure tank on the accelerator is 3& inches in diameter and 

96 inches long, and is constructed in accordance with the Code Regulations 

for Unflred Pressure Vessels of the American Society of Mechanical En-

gineers. The pertinent manufacturing and testing data are available 

and copies have been given to the ORNL Inspection Engineering Oivision. 

The high-pressure safety valves are tested by Inspection Engineering on 

a request basis when the accelerator is down for maintenance, which 

in most cases, is not more than once a year. The insulating gas in the 

machine is a mixture of 15% Sulfur Hexafluoride, 20% Carbon Dioxide, and 

65% Nitrogen at pressures up to kOO psig. When the gas is released from 

the tank, it is piped outside the building. The vent of the safety 

valve is connected to this vent line to prevent oxygen dilution in t'/e 

laboratory. 
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1.2 HIGH-VACUUM EQUIPMENT 

All metal system components are used whenever possible to minimize 

hazards from vacuum Vailure. Viewing windows are used, where needed, for 

beam diagnostics. The design of the viewing windows have been reviewed by 

the Inspection Engineering Division and meet their requirements. 

1.3 FIRE SAFETY 

Carbon Dioxide type fire extinguishers have been placed in bldg. 3003 

since the most likely fire would be of an electrical nature. A remote 

fire call box is installed just inside the entrance to the Laboratory. 

1.4 ELECTRICAL SAFETY 

We are cognizant that there will elways be hazards around electrical 

equipment of this type. The main disconncct switch for the accelerator 

is located just inside the door to the Laboratory. When maintenance 

is performed on the accelerator, the main disconnect switch does not 

turn "OFF" the accelerator vacuum system. The vacuum system was put on a 

separate disconnect switch for two reasons. First, emergency power was 

needed for the vacuum systems only. Second, it is more efficient and con-

venient to turn off the main power switch without shutting down the vacuum 

pumps and warming up the cold traps. However, special relay interlocks have 

been installed such that turning "OFF" the main disconnect does kill all 

power to the console and the accelerator even if the source of power.is 

from the emergency power system. Multiple sources of power within a system 

such as we have will always require careful attention during maintenance 

operations. 
1.5 MAINTENANCE INTERLOCKS PLUGS 

Four maintenance interlock plugs have been installed in the safety 
system to allow non-electrical maintenance to be performed while certain 
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critical portions on the accelerator controls are left operating. 

The accelerator will not operate unless all four plugs are in place. 

There are no "extra" plugs. 

2.0 THE HIGH VOLTAGE GENERATOR 

The basic safety, in our opinion, of a Van de Graaff electrostatic 

generator depends on knowing if the Belt Drive Motor is turning. Under 

most conditions, the machine is safe if the Belt Drive Motor is running, 

but it is always safe when it is not running. 

2.1 ACCELERATOR STOP SWITCHES 

Accelerator stop switches are painted bright red and fitted with 

spring loaded metal protective covers. The protective cover must be 

lifted against the spring force to move the switch from one position 

to another. If a switch is in the "OFF" position, the accelerator 

cannot be started, nor can these switches be jumpered or bypassed. One 

switch is located just inside each of the two doors into the Laboratory 

and a third is located just inside the door to the tank room. 

2.2 PROTECTIVE DOOR INTERLOCK SWITCHES 

The door into the tank room has two interlock switches mounted 

on the door frame. Two switches are used for redundancy and either one 

will shut down the accelerator. An open wire or a short to ground in 

the safety circuit would cause the accelerator to be inoperative. The 

use of masking tape or clamping devices to hold the interlocks is forbid-

den. However, when conditions require entrance into the tank room, 

while the machine is running, safe, and under control, a key switch 



has been provided to bypass the door interlocks. A maximum 

time limit is provided in this system for this bypassed condition. 

The time limit must be set before the bypass key is used and may be 

set for any time up to one hour. At the end of the set period, the 

system reverts to the normal interlock door state. If the door is 

open at this time, the machine will stop. The timer can be reset 

only by the use of the bypass key. The purpose of this sytem is 

to provide a means of defeating the door interlocks without having 

to resort to "jumpers" and "clip leads". 

2.3 TANK ROOM RADIATION 

In positive ion accelerators, most of the radiation in the tank 

room comes from backstreaming electrons being accelerated from ground to 

the energy of the high-voltage terminal. An electron repeller has been 

installed .it the base section of the accelerator tube to minimize the 

number of backstreaming electrons. Low Z materials have been used in 

the terminal end of the accelerator tube to reduce the number of r. rays 

produced by these electrons. The x-ray fields will depend upon the gas 

load of the accelerator tube and other factors. The maximum x-ray field 

ever measured, under the tank pointing toward the floor, was 1 ess than 5R/h 

contact. Since the bottom of the tank is only 28 inches off the floor, 

and the tank dolly support mechanism is in this area, it would be 

difficult to obtain a contact radiation exposure. The normal radiation 

level in this area is less than 10 mR/hr. at I MV with the worst case 

gas load. Since this room is a "Radiation Zone" and kept under lock 

and key, it does not pose any safety problems. 
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2.4 THE BELT DRIVE MOTOR SYSTEM 

All of the safety systems for this accelerator depend on opening 

the power circuit to the 3elt Drive Motor. The original contactor is 

a three-phase design of proven reliability, but it was felt that having 

redundancy was desirable. Therefore, we have installed in series 

with the original contactor an additional mercury-pool-type relay 

in each leg of the three-phase power to the motor. The construction 

of this relay has some very desirable features from a safety stand-

point. The three-phase contactor and the three mercury relays would 

all have to fail in the "ON" position for the Belt Drive Motor to 

continue running. Since the status of the Belt Drive Motor power 

was considered an important factor, we have installed a supervisory 

shutdown system to monitor the voltage to the motor. When the "STOP" 

button is poshed and the console light acknowledges this action, 

the supervisory shutdown system is armed. Each phase is measured 

for any voltage and if any phase is still hot, two bells, two 

rotating lights, and the "ACC ON" signs come on and stay on until the 

condition is corrected. This system is proved or tested every time 

the Belt Drive Motor is run. Because the supervisory shutdown system 

relays respond faster than the power contactors can release there is 

a momentary alarm during the stopping sequence of the motor. It should 

be pointed out that this system would detect the dangerous situation 

when one phase was hot all the time, and yet the motor was starting 

and stopping in what appeared to be a normal manner. 
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2.5 VISUAL AND AUDIBLE ALARMS 

Two audible alarms, bells, are installed in the tank room and 

can be easily heard anywhere in the Laboratory. Two rotating red 

lights are installed in the tank room to indicate that the Belt Drive 

Motor is running. One amber rotating light is in the tank room to 

warn of an "Intermediate" radiation level in the Laboratory area. One 

magenta rotating light is in the tank room to warn of a "High" radiation 

level in the Laboratory area. 

In the Laboratory area, we have two amber rotating lights for "Inter-

mediate" level alarm and two magenta rotating lights for "High" level 

alarm. A lighted sign "ACC ON" indicates when the Belt Drive Motor is 

running. A key switch is provided with the "ACC ON" sign for use when 

ambient light is a critical factor in an experiment. No other lights or 

alarms will be disabled. 

2.6 STARTUP ALARMS 

It is the responsibility of the person operating the accelerator 

to ascertain that no one is in the tank room before attempting to start 

the accelerator. When the accelerator is turned "ON" by the key switch, 

all the colored status lights are activated on the control console. 

When the Drive Motor "ON" button is pushed, the two rotating red beacons 

in the tank room and the "ACC ON" sign in the Laboratory come on and 

are not turned off until the Drive Motor is stopped. Also, at the 

instant the Drive Motor "ON" button is pushed the two warning bells ring 

for the ten-second startup delay period. The Drive Motor "ON" button 

must be held in continuously during this delay period. Accidental 
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startup of the machine is thus prevented. This 10-second delay would 

give ample time for anyone to get out of the tank room or to get to the 

Accelerator Stop Switch, if the vacuum and many factors which prevent 

damage to the machine are in the "GO" condition, the Drive Motor will 

be energized. 

2.7 EMERGENCY LIGHTS 

Two sets of wet-cel1-powered emergency lights have been installed. 

One unit with two sealed-beam lights is in the tank room and the other 

is in the Laboratory area. These units are checked by the program 

maintenance group at ORNL and are known to be reliable in design and 

performance. 

3.0 RADIATION SAFETY CONSIDERATIONS 

The accelerator is operated under written administrative limits 

imposed by the Solid State Division. For the purpose of this dis-

cussion, we will not accelerate any ions other than stable isotopes. 

Tritium beams will not be producedl With the exception of calibrating the 

energy of the machine with nuclear threshold reactions, neutrons will not 

be generated. In general, one must "work" very hard to get the maximum 

rated beam currents from the machine. In contrast to the 2.5 MV electron 

Van de Graaff located in the same building as this machine, the chance 

of an inadvertant burst of ions or electrons is nil. 

3.1 SELF-CHARGING IN VAN de GRAAFF ACCELERATORS 

The term self-charging refers to the generation of voltage on the 

high-voltage terminal as a result of the movement of the belt with no 
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other charging systems energized. This type accelerator can produce 

hazardous radiation levels with both the ion source and charging supply 

turned off if the belt is running. We have done experiments on the 

charging system of our accelerator trying to control self-charging. We 

find that one cannot with certainty, predict whether the accelerator will 

self-charge the terminal positive or negative. The only way self-charging 

could be a safety problem is if this effect caused the terminal to be 

negative and one had a source of electrons in the machine. RF ion sources 

generate both electrons and positive ions in the source bottle. Neverthe-

less, we have charged our machine negative and have been unable to get 

measurable electrons into the accelerator tube and out of the machine. In 

addition, there is an electric field, the focus electrode, between the 

exit canal of the ion scarce and the accelerator tube which is ener-

gized before the ion source starts and remains energized until after the 

source stops. This field acts like an electrostatic cap on the source 

bottle to prevent electrons from passing. Our conclusion is that this 

machine cannot produce "hazardous radiation" by self-charging. Should 

we be in error, the radiation safety monitor system in the Laboratory 

would still halt the Belt Drive Motor. 

3.2 POSITIVE ION SOURCES OF RADIATION 

The knowledge of nuclear reactions by which x-rays, gamma-rays, 

and neutrons are produced and absorbed is important to particle-accel-

erator design, not only for the machine itself, but also for the facility 

surrounding it. The choice of elements in accelerator tubes, vacuum 

plumbing, beam clippers, beam viewers, etc. becomes critical for our 
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experiments since we require a low level of background radiation. 

None of the beam handling system or experimental equipment will con-

tain materials that have large positive ion, neutron or gamma-ray 

producing cross-sections nor will target-ion combinations be allowed 

which produce unacceptable radiation levels. 

3.2.1 NUCLEAR REACTIONS 

There are fifteen nuclear reactions to be considered within 

the energy range of our accelerator. They are the following: 

Prolific Sources Normal Isotopic Abundance Threshold Energy 
of Target MeV 

D(d,n)3He 

T(d,n)4HE 
7Li(d,n)8Be 93% 

Relative Weak Sources 
9Be(d,n)10B 100% 2.06 
12C (d,n)13N 99% 

T(p,n)3He 1.02 
7Li(p,n)7Be 33% 1.88 
9Be(p,n)9B 100% 2.06 
51V(p,n)51Cr 100% 1.56 
5l*Cr (p,n)65Zn 3% 1.5 
BSCu(p,n)65Zn 3 n 2.16 
6"Ni(p,n)61,Cu 1% 2.1 
70Zn(p,n)70Ga 0.7% 1.6 
10 7Ag(p,n)10 7Cd 52% 2.4 
9Be(a,n)12C 100% E^ = 1.0 
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Of the prolific sources, one will note that they all involve the 

use of deuterons. As previously stated, neither tritium ions or 

tritium targets will be allowed in this accelerator. A possibly 

serious accidental reaction is D(d,n)3He which can arise when deuterons 

are implanted to sufficient concentrations to act as a target. The 

spurious D(d,n)3He reaction has a positive Q,. This means that a 

minimum threshold bombarding energy is not required for the reaction 

to take place. The neutrons produced are between 2 and 3 MeV depend-

ing upon the experimental angle. The primary reason for 

considering deuterium ion beams is their use in (d,p) and (d,a) 

reactions for detection of 3He, 6Li, 10B, aiB, 12C, 13C, ^N, 15N, 
160, 180, and l9F atoms in research samples. While it is not our inten-

tion to use deuterons to produce neutrons, their implantation into 

beam defining hardware can pose a possible problem. We will consider 

this situation later. 

The maximum rated performance (beam current) for analyzed 

protons varies with energy. Although the output current of RF ion 

3.3 THE ACCELERATOR'S MAXIMUM RATINGS 

-1 /2 sources varies as (ion mass) we shall consider the deuteron 

currents to be the same as those for protons tabulated below. 

Ion Energy in MeV 

0.5 

Rated Beam Current in pA 

5 

0.75 to 1.5 100 

2.0 50 

2.5 35 
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3.4 CALCULATIONS FOR POSSIBLE NEUTRON PRODUCTION 

Deuteron beams have not been accelerated in the 2.5 MV Van 

de Graaff accelerator and there are no immediate plans to do so. Never-

theless, we would like to establish that deuteron beams could be 

utilized in a safe manner in the event they are required at some 

future time. Since dueterons are the most hazardous ion beams that 

might be used in the research applications of the accelerator, we 

will consider in this section the maximum radiation hazards possible. 

Neutrons produced by the D(d,n)3He reaction are anisotropic. The 

number of neutrons produced by 2.0 MeV deuterons has a 4 to 1 ratio 

at 0° vs. 90°. Both 0° and 180° are inaccessible since the deuteron beam 

is confined to the center of a 4 inch beam pipe. For the worst possible 

case, we have considered the total number of neutrons produced by 

deuterium beams of maximum current ratings on a solid D-Ti target con-

taining 0.25 mgm/cm2 deuterium. The results of these calculations are 

tabulated below: 
Dgutefon Energy in MeV The Number of Total Neutrons (0°) 

at Maximum Current 

0.50 5.0 x 107 neutrons/second 
9 

1.50 5.0 x 10 neutrons/second 
9 

2.0 3.0 x 10 neutrons/second 
9 

2.50 2.6 x 10 neutrons/second 

Since one can get no closer than 5 cm at 90° to the source of neutrons 

(these constraints are imposed by the k inch beam pipe) the maximum 

possible contact dose rate is 510 rem/hr. In terms of the whole body 

dose rate at 1 meter, the calculated value is 1.25 rem/hr. A neutron 
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dose equivalent of 8 n.cm2-sec. = Imrem/hr. at 2.5 MeV neutron 

energy was assumed In these calculations. 

3.4.1 POSSIBLE ION IMPLANTATION EFFECTS 

As stated earlier, we will not try to produce neutrons by using a 

deuterium target as in the above calculations. However, if one 

should use deuterium beams, it becomes possible to produce neutrons 

by the D(d,n)3He reaction arising from bombardment of deuterons 

implanted into beam defining apertures. Consequently, we will cal-

culate below the maximum neutron dose that could be produced by 

intentional implantation and bombardment using a 100 U ampere beam 

of deuterons at 1.5 MeV. Due to the need to produce neutrons for 

cancer therapy, extensive measurements have been made on the implan-

tation of deuterium. Under the most favorable conditions, one-half 

of the implanted ions diffuse out through the front of the target 

and are lost. On uncooled surfaces, as in the case of the uninten-

tional bombardment of the beam pipe, the diffusion out of the "target" 

would be much higher due to beam heating (about 150 watts for lOOliA at 

1.5 MV). One cannot allow this kind of power to be dumped on 

uncooled surfaces for long, just on thermal factors alone. Under 

these conditions, the time required to implant 0.25 mg/cm2 deuterium 

in a solid is 2.4 x 10s seconds. This was the concentration used for 

the worst case calculations of paragraph 3.4. It would require a 

highly tuned machine running 67 hours to achieve such a dose. This 

level of operation requires some effort and is not routine. 



,.e radiation dose limit for radiation workers is 1.25 rem/ 

quarter. This is 2.4 mrem/hr. for an 8-hour day and a 40-hour week. 

With 2.5 MeV neutrons, the dose equivalence of 8 n/cm2-sec. is I 

mrem/hr. Our calculations assume that the whole body dose rate is at 1 

meter distance and at 90° from the beam axis, and that 50% of the 

implanted deuterium is lost from the target by diffusion. Under these 

extreme conditions, the time required to produce a neutron level that 

could be tolerated 8 hours per day, 40 hours per week, 13 weeks per 

quarter is 500 seconds. This requires deliberate worst case operation 

of the machine. At 10 nanoamps, the normal beam current used, the 

time calculated under the above conditions is 5 x 106 seconds- 58 

days continuous bombardment. As always, we will work closely with 

Health Physics Personnel especially when new nuclear reactions are 

first tried. As always, we will install the necessary shielding recom-

mended by them or not operate the accelerator using the ion in question. 

This is the standard operating practice with any ion or target combination 

3.5 ADMINiSTRATIVE CONTROLS 

The risk of high radiation levels will be minimized by the use of 

administrative controls, if deuterium gas Is used it will not be stored 

inside the accelerator unless a specific experiment requires its use and 

then only for the duration of the specific experiment. A key switch 

will be installed such than an additional administrative level is 

required to activate the deuterium gas source. 
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4.0 THE RADIATION SAFETY MONITOR SYSTEM 

The ultimate safety in the accelerator facility rests with the 

radiation safety system which acts as a constant monitor of any x, gamma, 

or neutron radiation present in the laboratory. If the radiation level 

exceeds acceptable limits, regardless of the cause, the safety system stops 

the accelerator in a safe condition. 

While we believe in the neutron calculations and are pleased with 

their results, the need for shielding will be determined by actual measure-

ments. A system to monitor the critical areas in the laboratory for neutrons 

and gamma-rays has been installed. The Instrumentation and Controls Divi-

sion has modified a GM type tube, Amprex 18509. The GM tube window has 

been modified with a silver foil to make it sensitive to thermal neutrons. 
i 

For measuring all neutrons up to 14 MeV, the detectors are enclosed with a 

paraffin moderator. The tube was developed for the Oak Ridge Linear Electron 

Accelerator where the monitoring of nanosecond neutron pulses as well as 

gamma rays was required. Six of these tubes have been connected in parallel 

to a single channel of the monitor electronics. The 2.5 MV electron Van 

de Graaff accelerator was used as an x-ray source to test the monitor sys-

tem with extreme x-ray fields up to 5 x 10® R/hr. All the monitor controls 

were tested Including the system "OFF" and "ON" controls. There were no 

signs of "blocking" or failure in an unsafe manner. While we are surprised 

that the Instrument did not "block" (it was not designed for such high 

levels of radiation), we feel confident that it will function in any 

creditable accident that might occur. 
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T̂ -j following Instrumentation and Controls Division Modules have been 

assembled into a standard N. I. M. Bin: 2 each Count Rate Modules -

Q, 3020A, 2 each Alarm Modules - Q 3021, 1 each 100 pA Meter Module -

Q, 3023. 1 each Audio Module- Q, 3024, and I each Detector H. V. Supply 

Module - (i 3025 (Modified for Amprex 18509 Tubes). This unit pro-

vides two complete monitor input channels and room for a third 

monitor channel should it become necessary. One set of detectors 

is located at the control console, two sets at the beam switching, 

magnet (injection side and exit side), one set at the first beam 

collimator, and one set at the last collimator and experimental tar-

get chamber. 

4.1 THE SAFETY SYSTEM LOCiC 

The two alarm trip points can be set anywhere between 0% and 

100% of full scale. The normal position is at 75% for the inter-

mediate trip and 100% for the high trip. The outputs of the three 

monitors (the third channel is not active) is connected such that 

a "wired OR" relay logic is formed. This functions such that either 

of the two active channels controls the system. On an intermediate 

level alarm, the rotating amber lights, the alarm bells, and the 

N.I.M. Bin audio alarm are energized. This allows the machine operator 

to correct the condition without stopping the accelerator. When 

the high alarm trip is reached, the rotating magenta lights, the 

alarm bells, the N.I.M. audio alarm comes on, and the Belt Drive 

Motor is stopped. One spare set of relay jumper plugs have been 

provided for the purpose of allowing one of the two monitor channels 
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to be repaired and still allow the accelerator to function normally. 

These plugs will not be left in place for times longer than the 

minimum required for maintenance. The use of deuterium gas will 

require both monitor channels to be functioning at all times. 

4.2 THE SAFETY SYSTEM TESTS 

Despite deliberate attempts, we were unable to defeat the safety 

features of the monitor system by turning the various parts "OFF", by 

plugging cables in the wrong places, by not plugging in all the cables, 

by unplugging relays or mixing their positions, or unplugging the 

detectors. There is an "inoperative" alarm in the system such that 

at least one active detector must be connected and operating. There 

is no way to prevent someone from removing all but one detector 

from each monitor channel. The Counts per Mir.ute Range Switch has 

been modified such that 50 mR/hr. is the maximum possible radiation 

level. Whenever a channel senses a radiation level of 50 mR/hr. 

or less, integrated over all six detectors, the accelerator will be 

shut down. We have found it necessary to place a small 60Co gamma-

ray source near a pair of detectors to keep the "inoperative" 

alarm from stopping the accelerator. This should be an indication 

of our low level radiation background. All items of the safety 

system will be tested for proper functioning once per quarter and 

the results will be entered into the log so that the reliability 

of the whole system can be evaluated. 
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4.3 "SIMPLIFIED DRAWING OF SAFETY SYSTEM" 


