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Introduction 
This was a major year for RARAF. The Van de Graaff 

accelerator, which was 55 years old and provided us with 
charged particle beams for over 38 years, was decommis-
sioned in June, 2005. We have installed a new Singletron 
from High Voltage Engineering (HVE) that will provide us 
with increased voltage and stability. A detailed description 
of the removal of the Van de Graaff and the installation of 
the Singletron are given in a section elsewhere in the CRR 
Annual Report. 

In addition, over 2000 square feet of office and (mostly) 
laboratory space have been commissioned for the third floor, 
which until the stand-alone microbeam development had 
been used only for storage. The construction is funded by a 
Homeland Security grant obtained by David Brenner. 

 
Research Using RARAF 

As has been the case for more than 5 years, the focus of 
most of the biology experiments at RARAF has been the 
“bystander” effect, in which cells that are not irradiated 
show a response to radiation when in close contact with or 
even only in the presence of irradiated cells. Several ex-
periments examining this effect were continued this year and 
new ones were initiated, observing a variety of endpoints to 
determine the size of the effect and the mechanism(s) by 
which it is transmitted. Evidence continues to be obtained 
for both direct gap junction communication through cell 
membrane contact and indirect, long-range communication 
through media transfer. Both the microbeam and the track 
segment facilities continue to be utilized in various investi-
gations of this phenomenon. The single-particle microbeam 
facility provides precise control of the number and location 
of particles so that irradiated and bystander cells may be 
distinguished but is somewhat limited in the number of cells 
that can be irradiated. The track segment facility provides 
broad beam irradiation that has a random pattern of charged 
particles but allows large numbers of cells to be irradiated 
and multiple users in a single day. 

Two special types of track segment dishes are being used 
to investigate the bystander effect using the track segment 
facility: double-sided dishes and “strip” dishes. Double-
sided dishes have Mylar foils glued on both sides of a 
stainless steel ring, with cells plated on the inside surfaces of 
both foils. The interior is completely filled with medium. 
This type of dish is used for investigation of the non-contact, 
long-range bystander effect since the cells on the two sur-
faces are not in direct contact, can only communicate 
through the culture medium, and only the cells on one sur-
face are irradiated. “Strip” dishes consist of a stainless steel 

ring with Mylar foil glued to one side in which a second dish 
is inserted. The Mylar foil glued to the inner dish has alter-
nate strips of the Mylar removed. Cells are plated over the 
combined surface and are in contact. The Mylar on the inner 
dish is thick enough to stop the charged particles (usually 
4He ions) and the cells plated on it are not irradiated. These 
dishes are used for bystander experiments involving cell-to-
cell communication. 

In Table 1 are listed the experiments performed at 
RARAF from November 1, 2004 through June 11, 2005 
(when the Van de Graaff was run for the last time) and the 
number of days each was run in this period. Use of the ac-
celerator for experiments was over 53% of the normal avail-
able time, 6% higher than last year and the highest we have 
attained at Nevis Labs. Fourteen different experiments were 
run during this period, a little less than the average for 
2000–2004; however the accelerator was only available for 
8 months instead of 12, as in other years. Eight experiments 
were undertaken by members of the CRR, supported by 
grants from the National Institutes of Health (NIH) and the 
Department of Energy (DOE). Six experiments were per-
formed by outside users, supported by grants and awards 
from the National Aeronautics and Space Administration 
(NASA), the Ministry of Education, Science, Sports and 
Culture of Japan, the NIH and a private corporation. Brief 
descriptions of these experiments follow. 

An experiment on the production of chromosome aberra-
tions in human cell lines was resumed by Charles Geard and 
Adayabalm Balajee of the CRR (Exp. 71). Normal human 
fibroblasts and Ataxia telengectasia (AT) cells were irradi-
ated with 4He ions using the track segment facility. The cells 
were examined for chromosome aberrations using the tech-
niques of MFISH and MBAND. 

Development of a method to detect explosives in bag-
gage (Exp. 82) was resumed this year. Gerhard Randers-
Pehrson of the CRR continued measurements of neutron 
spectra and yield from the Be9(p,n) reaction using a very 
thin beryllium target. The detection system is based on reso-
nant scattering of 0.43 MeV neutrons by nitrogen and oxy-
gen. Measurements were made for several combinations of 
reaction angle and incident proton energy that produce 0.43 
MeV neutrons to determine parameters producing the high-
est yield and the spectrum that contains the highest percent-
age of neutrons of the desired energy. 

Richard Maurer, David Roth and James Kinnison of 
Johns Hopkins University continued the calibration of a 
neutron spectrometry system that may be used on the Inter-
national Space Station and possibly the manned mission to 
Mars (Exp. 89). Measurements of pulse rise times for the 
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Bicron scintillation detector were made for a series or neu-
tron energies ranging from 0.8 to 14 MeV in order to refine 
the discrimination of gamma-ray pulses from neutron pulses. 

Sally Amundson of the CRR continued two types of ex-
periments concerning the radiation-induced gene expression 
profiles in human cell lines using cDNA microarray hybridi-
zation and other methods (Exp. 92). One involves track 
segment irradiation for comparison of gene expression re-
sponses to direct and bystander irradiation. In these experi-
ments, gene expression at 4 and 24 hours post treatment are 
compared. Early experiments worked well and are being 
repeated to establish reproducibility and to obtain sufficient 
data to begin informatic analysis. The other type of irradia-
tion involves use of the microbeam to irradiate either cell 
nuclei or cytoplasm. These experiments require cDNA am-
plification techniques to produce sufficient material for mi-
croarray hybridization from the small number of cells irradi-
ated. RNA from single microbeam dishes has been isolated 
successfully and amplification and hybridization results are 
highly encouraging. Gene expression profiles have been 
obtained after both nuclear and cytoplasmic irradiation at 4 
and 24 hours post-treatment. These experiments are being 
repeated to obtain reproducible data that can be analyzed to 
reveal gene expression trends. 

Charles Geard and Gloria Jenkins of the CRR continued 
their studies of the bystander effect in several cell lines us-
ing the microbeam facility (Exp. 103). Normal human fibro-
blasts were irradiated with helium ions, targeting 10% and 
100% of the cell nuclei. Endpoints for various experiments 
included micronucleus production in S phase and production 
of p21, p53 and H2AX. 

A study investigating the bystander effect was continued 
by Brian Ponnaiya and Charles Geard of the CRR and an-
other was initiated. One study uses the track segment facility 
for broad-beam charged particle irradiations of normal hu-
man fibroblasts plated on double-sided dishes (Exp. 106). 
These studies were expanded to irradiations using the mi-
crobeam facility. A line of cells was irradiated across the 
center of the microbeam dish using either 4He ions or pro-
tons. Analyses of cellular signaling pathways in both irradi-
ated and bystander cells were made at both the protein and 
mRNA levels. The proteins examined by immunofluores-
cence techniques include p21/WAF1 and members of the 
MAP kinase signaling pathway whose phosphorrylation 
status have been shown to be altered in both irradiated and 
bystander cells. Levels of mRNA from early response genes, 
including c-fos, c-jun, junB and p21/WAF1 were also as-
sayed using RT-PCR protocols. A study of the bystander 

Table 1.   
Experiments Run at RARAF, November 1, 2004–June 11, 2005 

 

Exp. 
No. Experimenter Institution Exp.

Type Experiment Title 
No.

Days
Run 

71 A Balajee, 
CR Geard CRR Biology Chromosome aberration and micronucleus production in human 

cell lines by α-particles 0.7

82 G Randers-Pehrson CRR Physics Detection of explosives 1.0

89 RH Maurer, 
J Kinnison 

Johns Hopkins 
University Physics Calibration of a portable real-time neutron spectrometry system 4.8

92 S Amundson CRR Biology Functional genomics of cellular response to high-LET radiation 15.1

103 G Jenkins, 
CR Geard CRR Biology Damage induction and characterization in known hit versus non-

hit human cells 3.5

106 B Ponnaiya, CR 
Geard CRR Biology Track segment α-particles, cell co-cultures and the bystander 

effect 1.7

110 H Zhou, 
TK Hei CRR Biology Identification of molecular signals of α-particle-induced by-

stander mutagenesis 24.8

121 A Zhu, 
H Lieberman CRR Biology The bystander effect in mouse embryo stem cells with mutant 

Mrad9 gene 5.3

125 M Suzuki 
(H Zhou) 

Nat. Inst. of 
Radiological 
Science, Japan 

Biology Chromatid fragment induction detected with the PCR technique 
by cytoplasmic irradiation in normal human bronchial cells 3.0

126 O Sedelnikova 
(S Mitchell) NIH Biology γ-H2AX foci formation in directly irradiated and bystander cells 1.8

127 E Tucker Baruch Col-
lege, CCNY Biology The effect of high-LET radiation on blue/UV-A signaling 4.8

128 M Salasky, 
M Akselrod Landauer, Inc. Physics Radiation response of Al2O3 dosimeters 11.0

130 B Ponnaiya, 
C Geard CRR Biology Investigation of bystander responses in 3-dimensional systems 2.0

132 S Meyn U. of Toronto Biology Observation of localization of TRF2 in bystander cells 1.3
 

 Note: Names in parentheses are members of the CRR who collaborated with outside experimenters. 
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effect in artificial tissue systems has also been initiated 
(Exp. 130). EPI-200 epithelial tissue samples from MatTek 
Corp. were irradiated with 4He ions using the track segment 
facility. Because the thickness of the tissues is much greater 
than the range of the ions, only about 25% of the cells are 
irradiated and about 75% are unirradiated bystander cells. 
Both irradiated and bystander cells are examined for MAP 
kinase using immuno-histochemistry. 

Hongning Zhou and Tom Hei of the CRR continued to 
use the single-particle microbeam facility to try to identify 
the signaling transduction pathways involved in radiation-
induced bystander mutagenesis (Exp. 110). A fraction of AL 
cells is irradiated with alpha particles in the nucleus or the 
cytoplasm with doses that kill most of these irradiated cells. 
The surviving, predominantly unirradiated cells are ob-
served for mutation. In addition, experiments have been 
performed using the track segment facility employing 
“strip” dishes for at least 8 different cell lines including 
normal human fibroblasts, lung fibroblasts and DNA-PK 
deficient cells. The cells are kept in situ for 2, 6, 24 or 48 
hours after irradiation, thereby increasing the number of 
cells and the time for interaction. The mRNA extracted from 
the cells is analyzed using micro-arrays. Preliminary data 
show some changes in gene expression in the bystander 
cells. 

Howard Lieberman and Aiping Zhu of the CRR have 
completed experiments investigating the bystander effect in 
mouse embryo stem cells with a mutation in the Mrad9 gene 
(Exp. 121), which promotes radiation resistance and helps 
regulate the cell cycle and apoptosis. Cells plated on the 
special “strip” dishes were irradiated with 1 to 10 Gy of he-
lium ions using the track segment facility and observed for 
cell survival, micronucleus production and apoptosis. Cells 
with the mutated gene show an enhanced bystander effect. 
The study was expanded to observe the survival of directly 
irradiated cells for LETs in the range 12 to 180 keV/µm. The 
cells with the mutated gene had significantly lower survival 
than normal cells for 12 keV/µm protons but there was little 
or no difference for 125 keV/µm helium ions. 

Masao Suzuki of the National Institute of Radiological 
Science, Japan, in collaboration with Hongning Zhou of the 
CRR, continued his efforts to determine whether alpha parti-
cle irradiation can induce a bystander response in primary 
human bronchial epithelial (NHBE) cells (Exp. 125), extend-
ing the study to bystanders of cytoplasmic irradiation. Either 
all or ten percent of the cells were irradiated in the cyto-
plasm with helium ions using the microbeam facility. The 
cells were then accumulated in the G2 phase of the cell cycle 
and the process of premature chromosome condensation 
(G2PCC) was used to observe chromatin aberrations. Pre-
liminary data indicate cytoplasmic alpha particle irradiation 
can induce a bystander effect, however more irradiated cells 
as well as non-irradiated bystander cells are needed to con-
firm the results. 

The occurrence of non-targeted effects calls into question 
the use of simple linear extrapolations of cancer risk to low 
doses from data taken at higher doses. Olga Sedelnikova of 
the NIH, in collaboration with Stephen Mitchell of the CRR, 
is investigating a model for bystander effects that would be 

potentially applicable to radiation risk estimation (Exp. 126). 
They are evaluating the lesions that are introduced into DNA 
by alpha particles and the resulting non-targeted bystander 
effect. These lesions, and particularly the most dangerous –  
the double strand breaks (DSBs), can be revealed by phos-
phorylation of histone H2AX. This investigation has ex-
panded to the irradiation of 3-D tissue systems from MatTek 
Corp. EpiAirwy and EpiDermFT (full thickness). Tissue 
samples were irradiated in a single line across the diameter 
with 4He ions using the microbeam facility. Irradiated and 
unirradiated (bystander) cells were incubated for various 
times up to a week. Fluorescent confocal microscopy was 
used to observe H2AX foci, apoptosis, micronuclei, prolif-
eration indices, telomere FISH and SA β-gal staining. The 
results from these experiments as well as from experiments 
from other labs will be used to make an overall best assess-
ment of the public health significance of bystander-mediated 
responses. 

Ed Tucker, of Baruch College of the City College of 
New York (CCNY) is investigating the effect of high-LET 
radiation on the blue/ultraviolet A signaling in P. patens 
moss cells (Exp. 127). The cells are grown on cellophane 
with a thin layer of agar. The plastic cell dishes in which the 
moss cells were grown were placed upside down in a track 
segment irradiation wheel and irradiated with 4He ions. Irra-
diations were made in the dark since the moss cells irre-
versibly start forming side-branches when stimulated by 
blue/UV-A light. The cells are exposed to blue/UV-A light 
at various times after irradiation and. gravitropic response 
and side-branch formation are quantified. 

Mark Salasky and Mark Akselrod of Landauer, Inc. initi-
ated an experiment to investigate the radiation response of a 
novel, completely optical, non-destructive technique of im-
aging tracks in fluorescent crystals using confocal micros-
copy (Exp. 128). Irradiations of the fluorescence nuclear 
track detectors were performed using 0.2 to 3.0 MeV protons 
produced by  the track segment facility and with monoener-
getic neutrons with energies from 0.2 to 6.0 MeV. Standard 
CR-39 track-etch detectors were irradiated in parallel for 
comparison.  

Stephen Meyn of the University of Toronto has begun an 
experiment to observe localization of the protein TRF2 in 
irradiated cells (Exp. 131). Human fibroblasts were irradi-
ated with different numbers of 4He ions using the microbeam 
facility and TRF2 was visualized using immunofluorescence 
techniques. 

 
Development of Facilities 

This year our development effort increased considerably 
over last year, primarily for the stand-alone microbeam facil-
ity. Development continued on a number of extensions of 
capabilities: 

• Development of focused accelerator microbeams 
• Source-based (stand-alone) microbeam 
• Non-scattering particle detector 
• Advanced imaging systems 
• Focused x-ray microbeam 
• New accelerator  
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Development of focused accelerator microbeams 
The first quadrupole triplet for the double quadrupole 

lens, installed in 2003, continues to produce a beam spot for 
helium ions 3.5 µm in diameter. It has been very reliable, 
with very few sparks. The parts for the second quadrupole 
triplet have been constructed in our shop and will be inserted 
into a separate alignment tube for testing, in place of the 
present lens once construction on the third floor is completed 
and the permanent magnet (stand-alone) microbeam is rein-
stalled and available for biological irradiations. When the 
voltages on this second lens have been adjusted to produce 
the smallest beam spot attainable, the two lenses will be 
mounted in a single tube for testing of the compound lens 
system that will produce a sub-micron beam spot. After  
using this sub-micron beam for biological irradiations for a 
suitable period, the testing process will be repeated with two 
more triplet lenses so that we will eventually have two com-
plete compound lenses, one of which will be used as a spare. 

For the focused microbeam, a high voltage amplifier 
with a very high slew rate was connected to two of the elec-
trodes in the electrostatic quadrupole doublet at the exit of 
the Van de Graaff. Switching the voltage on the electrodes 
rapidly diverted the beam to end each cell irradiation and 
resulted in no “dark” current, i.e., no particles at the exit 
window of the microbeam system. This is not possible with 
the quadrupole triplet of the new Singletron (especially dur-
ing the warranty period), so the high voltage amplifier is 
now connected to two of the adjustable slits in front of the 
main beam stop. This new configuration provides the same 
response as the previous one. 
 
Source-based microbeam 

A stand-alone microbeam (SAM) has been designed 
based on a small, relatively low activity radioactive alpha-
particle emitter (5 mCi 210Po) plated on the tip of a 1-mm 
diameter wire. Alpha particles emitted from the source will 
be focused into a spot 10 µm in diameter using a compound 
quadrupole lens made from commercially available perma-
nent magnets, since only a single type and energy of particle 
will be focused. The pair of quadrupole triplets is similar to 
the one designed for the sub-micron microbeam, the only 
difference being that it uses magnetic lenses, rather than 
electrostatic lenses. A small stepping motor rotating a disc 
with holes will be placed just above the source to chop the 
beam, enabling single particle irradiations. The end station 
for the original microbeam will be used to perform mi-
crobeam irradiations. 

To test the system and adjust the lenses, we used a he-
lium beam from the Van de Graaff incident on a thin alumi-
num foil to produce an energy and energy spread that match 
those calculated for the polonium source. The beam was 
collimated to 1 mm diameter, to simulate the size of the po-
lonium source. The endstation for our original microbeam 
was moved to the floor above (3rd floor) because additional 
room for the lens structure was required between the focal 
point and the final bending magnet. After alignment of the 
lenses and adjustment of the quadrupole magnet strengths 
using micrometric screws to retract and extend the individ-
ual magnets of each quadrupole, a beam spot 20 µm in di-

ameter was obtained. 
The required polonium source is not available commer-

cially, so a method of producing one was developed. Sources 
of 0.1 and 50 µCi have been created by electroplating polo-
nium in solution onto the tip of a 1-mm diameter platinum 
rod. A thin layer of gold plated over the source will be used 
to contain the polonium. A 5-mCi source has not yet been 
manufactured, in part because the upper part of the stand 
alone microbeam system has had to be removed because of 
the impending construction on the 3rd floor. 

Since we have already replaced the Van de Graaff with 
the Singletron, when the SAM is reinstalled after construc-
tion the aluminum foil will be removed and the collimator 
size will be reduced. A 4He ion beam from the accelerator 
will be used instead of the polonium source. The greatly 
reduced energy spread and the smaller collimator should 
produce a beam spot less than 10 µm in diameter. Because 
the ion beam is much more intense than the alpha source, the 
particle fluence will be increased from less than 1 per second 
to thousands per second. This system will be used for irra-
diations when the electrostatic system is unavailable because 
of development. 
 
Non-scattering particle detector 

To irradiate thick samples, such as model tissue systems or 
oocytes, to use particles with very short ranges such as the 
heavy ions from the laser ion source, and to allow irradiation 
of cell monolayers without removing the culture medium, a 
completely non-scattering particle detector is necessary up-
stream of the samples. A novel particle detector has been 
designed on the basis of a long series of inductive cells cou-
pled together into a delay line. The Lumped Delay Line De-
tector (LD2) will consist of 300 silver cylinders 3 mm long 
with a 2.2 mm inside diameter connected by inductors and 
capacitively coupled to ground. The cylinders are glued to a 
semi-cylindrical tube of dielectric material 1 m long for me-
chanical support. The dielectric has a semi-cylindrical metal 
tube around it that can be rotated about its axis to adjust the 
capacitance. If the individual segment delays are set (by ad-
justment of the capacitance) such that the propagation velocity 
of the pulse equals the projectile velocity, the pulses ca-
pacitively induced in all segments by the passage of a single 
charged particle will add coherently, giving a fast electron 
pulse at one end of the delay line that is 150 times larger than 
the charge induced on a single cylinder. This easily detectable 
charge of at least 150 electrons will be amplified to provide 
the detection pulse for the particle counter. It is anticipated 
that this detector will become the standard detector for all 
microbeam irradiations. 
 
Advanced imaging systems 

Development continued on new imaging techniques to 
view cells without using stain and to obtain three-dimensional 
images of unstained cells. Two different techniques are being 
investigated: quantitative non-interference phase microscopy 
(QPm) and interference microscopy. 

QPm and immersion-based Mirau interferometry (IMI) 
have both been integrated into the microbeam facility and 
are under continued testing for applicability to rapid location 
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and targeting of cells for microbeam irradiation without use 
of stain. QPm is a non-interferometric approach in which 
light reflected from the sample is used to obtain images in 
focus and also with the focus set slightly above and below 
the sample plane. These images are used to approximately 
solve the light transport equation using a Fourier transform 
method. The resulting phase-contrast image is then fed back 
into the normal microbeam automated imaging and locating 
routines. This technique is in direct competition with IMI, 
which uses a novel immersion-based Mirau objective that is 
currently under construction. For testing IMI, we are using 
an interim liquid-filled Mirau lens that can behave as an 
immersion lens for about 30 minutes before it needs to be 
disassembled, refilled with cell medium, and reassembled. 
This technique has produced several preliminary images, 
missing none of the cells and producing no false positives 
(as compared with a regular, stained image). IMI is therefore 
presently showing more promise than the QPm technique, 
which still misses some cells and suffers some false posi-
tives. Both of these techniques require rapid automated mo-
tion in the X-Y plane for locating the cells as well as in Z for 
changing the focal plane, which is readily supplied by the 
Mad City stage. 

We are keeping both techniques available for now since 
the final permanent IMI lens is not yet completed and tested. 
By continuing to isolate and correct possible causes of the 
QPm errors, either technique eventually could be the “win-
ner.” Both techniques will result in an approximately 10% 
reduction in throughput due to the extra motions required in 
Z for obtaining multiple images and also due to some addi-
tional computing time. 

We are also developing a multi-photon microscope for 
our single-cell single-particle microbeam facility to detect 
and observe the short-term molecular kinetics of radiation 
response in living cells. The multi-photon capability is being 
built into the Nikon Eclipse E600-FN research fluorescence 
microscope of the microbeam irradiation system and will 
provide three-dimensional imaging. We have purchased and 
installed a Chameleon (Coherent Inc.) tunable titanium sap-
phire laser (140 fs pulses at a 90 MHz repetition rate) as the 
source for multi-photon excitation. The scan head will in-
corporate commercial scanners and the incident laser beam 
will enter the microscope through the side of the trinocular 
tube of the microscope. A switch mirror will allow us to 
choose between multi-photon microscopy and standard fluo-
rescence microscopy. To control the multi-photon micro-
scope, we are adopting design and software from Karel 
Svoboda, Cold Spring Harbor. We anticipate that this imag-
ing technique will be operational in the summer of 2006. 
 
Focused x-ray microbeam 

We have investigated expanding the microbeam to in-
clude soft x-rays. Microbeam studies with focused high-
energy x-rays or gamma-rays are not feasible due to Comp-
ton scattering effects, so we are limited to x-ray energies 
where the predominant mode of interaction is photo-electron 
absorption. 

The present proposal is to employ Zone Plate (ZP) lenses 
to de-magnify to a micron or sub-micron size spot, a small 

x-ray source (i.e., ~100 µm D) produced by bombarding a 
thin solid target with high-energy protons using the mi-
crobeam triplet lens. We investigated the production of char-
acteristic x-rays (Kα line) as a function of the proton energy 
for aluminum and titanium (Kα x-rays of 1.45 and 4.5 keV 
respectively). According to the literature, the best cross sec-
tion for characteristic Kα x-ray production in thick targets is 
achieved at proton energies of 2.86 MeV for Al and 9.1 
MeV for Ti. For protons of 5 MeV (the maximum energy 
achievable with the new accelerator), the Ti Kα cross-section 
is only 60% of the maximum value and the penetration in the 
target is 135 µm. Based on these calculations, a target thick-
ness of about 100 µm would represent an ideal initial choice. 
Such a thickness will assure a nearly optimum x-ray produc-
tion efficiency (i.e., maximum energy deposited into the 
target by incident particles and small x-ray self-absorption) 
although it will result in the x-ray source being elongated 
along the Z-axis (direction of the proton beam). An extended 
depth of focus is to be expected as a result of the elongated 
x-ray source. This effect has been simulated using an x-ray 
tracing program (SHADOW) and estimated to be approxi-
mately ±10 µm, with the depth of focus defined as the dis-
tance from the focal point at which the beam size increases 
by 20%. The relatively thin target will also allow us to use it 
in transmission mode (i.e., x-rays extracted from the side 
opposite to the proton bombardment) as this will better suit 
the present charged particle microbeam configuration (verti-
cal alignment). 

The final microbeam system will allow rapid switching 
between charged particles (with ions directly focused into 
the biological samples) and soft x-rays (with protons focused 
onto a solid target and x-rays probing the cells). Assuming a 
target thickness of 50–60 µm, the maximum power that is 
possible to be dissipated by the target for an extended period 
of time is related to the specific design of the target and the 
area of the proton beam spot (i.e., x-ray source size). Ex-
tended simulations performed using a finite element analysis 
program (ANSYS) have provided indication on the x-ray 
source size and the maximum power with which is possible 
to bombard the target. The present design consists of 3 thin 
Al or Ti foils 15–20 µm thick separated by 5 µm gaps 
through which cooled He is blown. Such a target is able to 
cope with a substantial amount of power from the proton 
beam, providing an x-ray dose rate suitable for many radio-
biological experiments (~0.05 Gy/sec), even with a 
sub-micron diameter photon beam. 
 
New accelerator 

The capabilities of the Singletron from HVE in general 
exceed those for the Van de Graaff it replaced. The maxi-
mum terminal voltage is 5 MV with less than 100 V at 3 
MV. The maximum voltage ever attained by the Van de 
Graaff was 4.4 MV and the ripple was never less than 1–2 
kV. The maximum beam currents for the Singletron are 200 
µA of protons, 100 µA of deuterons and 1 µA of helium 
ions, similar to or greater than those of the Van de Graaff. 

We began the process of disconnecting the Van de 
Graaff wiring and plumbing on June 13. The Van de Graaff 
was removed from the building on August 2 and the new 
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Singletron arrived on August 10. The Singletron was in-
stalled by an engineer and technician from High Voltage 
Engineering with considerable assistance from the RARAF 
staff. After testing to determine that the accelerator achieved 
the specified voltage, voltage stability and ion beam cur-
rents, it was accepted on December 2. The entire process 
took just under 6 months, within the 5–6 month time period 
that had been projected. A more detailed description of the 
removal of the Van de Graaff and installation of the Single-
tron is presented elsewhere in the CRR Annual Report.  

 
Van de Graaff Utilization and Operation 

Accelerator usage is summarized in Table 2. The Van de 
Graaff was started at 7:30 AM on most days, run into the 
evening on many nights and run on many weekends for ex-
periments, development and repair. This has resulted in a 
total use (121%, including repairs) that considerably exceeds 
the nominal accelerator availability of one 8-hour shift per 
weekday and is the highest we have had at Nevis Labs, ex-
ceeding last year’s record use by 5%. 

Use of the accelerator for radiobiology and associated 
dosimetry increased about 15% over 2003–2004 and was 
about the same as the average for 2000 to 2004. Over half 
the accelerator use for all experiments was for microbeam 
irradiations and 30% for track segment irradiations. The 
microbeam facility is in great demand because it enables 
selective irradiation of individual cell nuclei or cytoplasm. In 
addition, because of the relatively low number of cells that 
can be irradiated in a day, microbeam experiments usually 
require considerably more beam time than broad beam irra-
diations to obtain sufficient biological material, especially 
for low probability events such as transformation, mutation 
and bystander effects. 

Radiological physics utilization of the accelerator de-
creased somewhat this past year, consisting mainly of ex-
periments from Landauer Inc. and Johns Hopkins Univer-
sity. 

Approximately 1/3 of the experiment time was used for 
experiments proposed by outside users, down from last 
year’s record 52% use but still more than 20% higher than 
the average for the last four years.. 

Use of the accelerator for online development increased 
by about 30% over last year to more than 50% of all avail-
able time. For several months, many more than the usual 

number of extra shifts was worked in the evening, on week-
ends and holidays developing the stand-alone microbeam 
system. 

Accelerator maintenance and repair time decreased by 
almost half relative to last year, returning to the level of 
1998–2001, as the problem with the power supply in the 
terminal used to spray negative charge on the charging belt 
was solved. We anticipate much less accelerator mainte-
nance, not only because the Singletron is new, but also be-
cause it is charged electronically (similar to a Cockroft-
Walton) and has few moving parts (no belt or chains). It has 
an RF ion source that also should require less maintenance 
than the Duoplasmatron source we were using, although we 
have had accelerator openings in December 2005 and Janu-
ary 2006 to replace RF tubes in the ion source. We believe 
repositioning the electrodes on the ion source has solved the 
problem and haven’t had a problem for over 2 months. 

 
Training 

We continued our Small Group Apprenticeship Program, 
where we had seven students from Stuyvesant High School 
in Manhattan spend at least two half-days each week for six 
weeks during the summer working on projects in biology (3) 
or physics (4). This is a school specializing in science that is 
open to students throughout New York City by competitive 
admission. Following suggestions from the previous group 
of students, we condensed the orientation phase of this pro-
gram so that the students and their chosen mentors would 
have an earlier start with their projects. The students gave 
professional PowerPoint presentations to our group at the 
end of the program. Below is a list of the titles of the work 
presented followed by the name of the student and the name 
of his or her mentor: 

1. Micronucleus Induction in Bystander Cells Following 
Microbeam Irradiation of 3D Tissues II – Deep 
Parikh (Brian Ponnaiya) 

2. The Role of Mitogen-Activated Protein Kinase Path-
ways in the Bystander Effect – Jessica Chen (Brian 
Ponnaiya) 

3. Lumped Delay Line Detector (LD2) – Kevin Wu 
(Guy Garty) 

4. Multi-photon Microscope – Shar Rafi (Alan Bigelow) 
5. Flash chip programming – Flora Ng (Greg Ross) 
6. Personal Dosimeter – Jessie Wang (Gerhard Randers-

Pehrson) 
7. Disassociation and Reseeding of Tissue Samples – 

Tina Varkey (Giuseppe Schettino) 
Dr. Tomoo Funayama of the Japan Atomic Energy 

Agency arrived in November for a one-year visit at RARAF. 
He is working with Charles Geard and will learn to perform 
experiments using the microbeam facility. 
 
Personnel 

The Director of RARAF is Dr. David Brenner. The ac-
celerator facility is operated by Mr. Stephen Marino and Dr. 
Gerhard Randers-Pehrson. Our ranks remain at a total of 
seven physicists. 

Dr. Alan Bigelow, an Associate Research Scientist, is 
continuing the development of the laser ion source and has 

Table 2. 
Accelerator Use, November 2004–June 2005 

Percent Usage of Available Days 
 

Radiobiology and associated dosimetry 42% 
Radiological physics and chemistry 11% 
On-line facility development and testing 55% 
Safety system 2% 
Accelerator related repairs/maintenance 10% 
Other repairs and maintenance 1% 
Off-line facility development 15% 
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begun the development of a two-photon microscopy system 
using a fast laser. 

Dr. Guy Garty, a Staff Associate, worked on the devel-
opment of a stand alone microbeam, and continues to de-
velop the secondary emission ion microscope (SEIM) and an 
inductive detector (LD2) for single ions. 

Mr. Greg Ross is a Programmer/Analyst, assisting with 
various programming tasks. He worked on the development 
of a stand alone microbeam and is presently working on new 
methods of imaging cells without stain. 

Dr. Giuseppe Schettino, a Postdoctoral Fellow, is work-
ing primarily on the development of the x-ray microbeam. 

Several biologists from the Center for Radiological Re-
search are stationed at the facility in order to perform ex-
periments: 

• Dr. Charles Geard, the Associate Director of the 
CRR, continues to spend most of each working day at 
RARAF. In addition to his own research, he collabo-
rates with some of the outside users on experiments 
using the single-particle microbeam facility. 

• Dr. Brian Ponnaiya is an Associate Research Scien-
tist performing experiments using the track segment 
and microbeam irradiation facilities. 

• Ms. Gloria Jenkins, a biology technician, performed 
experiments on the microbeam facility for Dr. Geard. 
She has been working at the CRR since June, 2005, 
when the accelerator was shut down for removal. 

• Dr. Stephen Mitchell, a Postdoctoral Fellow, returned 
to Great Britain in June, 2005. 
 

Recent Publications of Work Performed at RARAF 
(2004−2005) 
1. Aprile E, Giboni KL, Majewski P, Ni K, Yamashita M, 
Hasty R, Manzur A and McKinsey DN. Scintillation Re-
sponse of Liquid Xenon to Low Energy Nuclear Recoils. 
Phys Rev D 72:072006, 2005. 
2. Belyakov OV, Mitchell SA, Parikh D, Randers-Pehrson 
G, Marino SA, Amundson SA, Geard CR and Brenner DJ. 
Biological effects in unirradiated human tissue induced by 

radiation damage up to 1 mm away. PNAS (USA) 
102:14203–8, 2005. 
3. Persaud R, Zhou H, Baker SE, Hei TK, Hall EJ. As-
sessment of low linear energy transfer radiation-induced 
bystander mutagenesis in a three-dimensional culture model. 
Cancer Res 65:9876–82, 2005. 
4. Ross GJ, Bigelow AW, Randers-Pehrson G, Peng CC, 
Brenner DJ. Phase-based cell imaging techniques for mi-
crobeam irradiations. Nucl Instrum Meth B 241:387–91, 
2005. 
5. Smilenov LB, Hall EJ, Bonner WM and Sedelnikova 
OA. DNA double-strand breaks in bystander cells: A mi-
crobeam study. Rad Protec Dosim (submitted 2005). 
6. Smilenov LB, Lieberman HB, Mitchell SA, Baker R, 
Hopkins KM and Hall EJ. Combined haploinsufficiency for 
ATM and RAD9 as a factor in cell transformation, apoptosis 
and DNA lesion repair dynamics. Cancer Res 65:933–8, 
2005. 
7. Sokolov MV, Smilenov LB, Hall EJ, Panyutin IG, Bon-
ner WM, Sedelnikova OA. Ionizing radiation induces DNA 
double-strand breaks in bystander primary human fibro-
blasts. Oncogene 24:7257–65, 2005. 
8. Suzuki M, Zhou H, Hei TK, Tsuruoka C and Fujitaka K. 
Effects of irradiated medium on chromatid aberrations in 
mammalian cells using double mylar dishes. Biol Sci Space 
18:110-1, 2004. 
9. Zhou HN, Ivanov V, Gillespie J, Geard CR, Amundson 
SA, Brenner DJ, Yu Z, Lieberman HB and Hei TK. Mecha-
nism of radiation induced bystander effect: role of COX-2 
signaling pathway. PNAS (USA) 102:14641–6, 2005. 
10. Zhou H, Suzuki M, Persaud R, Gillispie J, Randers-
Pehrson G and Hei TK. Contribution of bystander effects in 
radiation induced genotoxicity. Acta Med Nagasaki 50:73–7, 
2005. 
11. Zhu A, Zhou H, Marino SA, Leloup C, Geard CR, Hei 
TK and Lieberman HB. Differential impact of mouse rad9 
deletion on ionizing radiation-induced bystander effects. Rad 
Res 164:655–61, 2005.                                         ■ 
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Replacement of the RARAF Accelerator 
 

Stephen A. Marino, Gerhard Randers-Pehrson, Alan Bigelow, Guy Y. Garty, Greg Ross, Giusseppe Schettino 
and David J. Brenner 

 
 

This has been an historic year for the Radiological Re-
search Accelerator Facility (RARAF) and the CRR. The 4.2-
MV Van de Graaff accelerator that since 1967 produced 
charged particle beams at RARAF for neutron irradiations, 
track segment experiments and the microbeam facilities was 
replaced this year with a 5-MV coaxial Singletron from High 
Voltage Engineering Europa (HVEE). As noted in the An-
nual Reports for the past several years, the reliability of the 
Van de Graaff had been declining. In addition to requiring a 
major overhaul of many of its components in order to oper-
ate more stably and reliably, the custom acceleration tube 
had a vacuum leak that would require us to build new sec-
tions and suitable charging belts were no longer being manu-
factured anywhere in the world. 

The Van de Graaff was purchased in 1949 from the High 
Voltage Engineering Corporation (originally the parent 
company of HVEE but now no longer in business) by 
Brookhaven National Laboratory (BNL) as the injector for 
the Cosmotron (Fig. 1), the first GeV proton accelerator in 
the world. It was probably the first commercial product from 
the company founded by Robert J. Van de Graaff, the inven-
tor of the accelerator that bears his name. For this purpose 
the accelerator was run in pulsed beam mode. 

When the Cosmotron was decommissioned, Dr. Harald 
Rossi of the CRR and Dr. Victor Bond of the Medical De-
partment of BNL obtained control of the accelerator to use 
for radiobiology and formed RARAF in 1967. Dr. Clarence 
Turner, who had been in charge of Van de Graaff operations 
for the Cosmotron, converted the accelerator to produce con-
stant beams of protons and deuterons. Initial use of the ac-
celerator was to produce monoenergetic neutrons by bom-
bardment of targets containing tritium or deuterium for irra-

diation of biological specimens, from plants and cells to 
mice and rats. In the 1970’s, beams of protons, deuterons, 
and helium ions were used to directly irradiate cells using 
the Molecular Ion Beam and Track Segment facilities. 

In 1980, RARAF was forced out of its BNL location by 
the ill-fated proton intersecting storage ring project, Isabelle. 
The Van de Graaff was dismantled in April of that year and 
the entire facility was shipped to the Nevis Laboratories of 
Columbia University. The accelerator was reassembled (Fig. 
2), the RARAF facility rebuilt, and operations resumed in 
1984. In the 1990’s, a collimated microbeam was developed 
and added to the available irradiation facilities. In 2004, a 
focused microbeam was established. 

The last use of the Van de Graaff was on June 11, 2005. 
On June 13, we began to dismantle the accelerator for re-
moval. Although there were a few inquiries by people inter-
ested in obtaining it, they declined when informed of the 
acceleration and charging belt problems. One person with a 
small company was interested in the internal parts of the 
accelerator and he has taken much of them. We removed 
(Figs. 3 and 4) the terminal shell, the equipotential rings, the 
charging system, the terminal, the acceleration tube and in-
sulating column. The belt drive motor and all other compo-
nents in the ground plane area were also removed, leaving 
little but the pressure tank and baseplate. 

When the Van de Graaff was installed at Nevis Labs, it 
was moved using a 50-ton overhead building crane. After-
ward the Van de Graaff was positioned, the area over the 
accelerator was covered with long shield blocks 2-foot thick. 
Later, the Microbeam II lab was built on top of these shield 
blocks. Since it couldn’t be removed the way it was brought 
into the building, a 10’ wide by 11’ high opening was made 

Fig. 1. The Van de Graaff at BNL circa 1949. Visible are 
the terminal shell on the left and the more than 100 equipoten-
tial rings. The interior looked almost the same in 2005. 

Fig. 2. The exterior of the Van de Graaff shortly before de-
commissioning. 
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in the 1’-thick solid concrete wall behind the Van de Graaff 
in which to remove it and bring in the Singletron. On August 
2 the tank was rolled back on its rails then pulled out of the 
building on rollers with the aid of a large forklift. A 90-ton 
crane was then used to lift the tank onto a trailer (Fig. 5). 
The baseplate was placed on rollers, dragged out of the 
building using the forklift (Fig. 6), lifted with the crane, and 
placed on a trailer. These items were taken to a scrap yard 
(Fig. 7). 

The Singletron arrived from The Netherlands in three 
shipments, two by water and one by air. The pressure vessel 
arrived first, on August 10, with the insulating column at-
tached. In the reverse of the procedure for the removal of the 
Van de Graaff, the tank was lifted off the trailer on which it 
arrived (Fig. 8), placed on rollers and pushed into the build-
ing using a large forklift (Fig. 9). The delivery was observed 
by an engineer from HVEE. The baseplate, gas transfer sys-
tem, resonant coil tank, column electrodes and other parts 
arrived in three crates inside a roll-on-roll-off shipping con-

Fig. 3. Starting to dismantle the Van de Graaff. The equi-
potential rings have been removed. The red charging belt can 
be seen hanging from the terminal pulley on the left. 

Fig. 4. The accelerator mostly dismantled. The terminal 
shell is right of the center; the terminal in front of the tank; the 
acceleration tube is on the left on its cradle and the insulating 
column on the floor in the middle. The baseplate is on the right.

Fig. 5. The accelerator tank being lifted by 90-ton crane to 
be placed on a truck. The storage tank for the accelerator insu-
lating gas is seen on the left. 

Fig. 6. The Van de Graaff baseplate being dragged out by a 
forklift. 

Fig. 7. The Van de Graaff tank leaving Nevis Labs.
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tainer. After some difficulties, the crates were moved into 
the building. The acceleration tube arrived by air in two 
boxes. 

Because of the differences between the Van de Graaff 
and the Singletron in handling the accelerator insulating gas, 
modifications to the piping to the storage tank (large silver 
double-sphere seen on the left of Fig. 5) had to be made. The 
Singletron and the computer used to control it require Euro-
pean voltages, so transformers had to be installed in addition 
to a new power distribution rack and wiring from the rack to 
the accelerator and gas-handling system. 

On September 20, after necessary modifications to the 
building were essentially completed, HVEE sent an engineer 
and a technician to install and test the Singletron. It took 
about 3 weeks to install the Singletron. It was aligned with 
the existing beam line system, the rails for the tank were 
placed under it, the baseplate and rails anchored to the floor, 
the acceleration tube installed and evacuated, and the col-

umn electrodes installed (Figs. 10–13). The ion source was 
tested with three of the supply gases. The accelerator was 
then evacuated and filled sulfur heaxafluoride (SF6) insulat-
ing gas and voltage conditioning of the acceleration tube 
began, finally reaching 5.5 MV. The ripple of the accelerator 
voltage was certified to be less than 100 V at 3.75 MV and 
the beam currents for protons and helium ions were meas-
ured and found to exceed the guaranteed values. The accel-
erator was accepted on December 2. 

The Van de Graaff and the Singletron are both linear 
electrostatic accelerators; however they differ significantly 
in how the terminal voltage is achieved. A Van de Graaff 
has a belt driven by a motor. Charge is sprayed onto the belt 
and carried mechanically to the terminal. Charge of the op-

Fig. 8. The Singletron on a trailer about to be lifted by 
crane. 

Fig. 9. The Singletron being pushed by a large forklift into 
the building through the new opening in the building wall. 

Fig. 10. The interior of the Singletron. The top and bottom 
curved pieces along the column are electrodes. Along the side 
of the column there is a string of diodes, a resistor and a spark 
gap for each electrode. 

Fig. 11. The Singletron terminal and terminal cap. The cyl-
inders of source gas can be seen on the upper part of the termi-
nal plate. The terminal is much less complicated than on the 
Van de Graaff since it doesn’t require a downcharge power 
supply, has no analog gauges, has thermo-mechanical controls 
for the gas rather than large mechanical valves, and uses opto-
electronics to control the gas valves and power supplies rather 
than pulleys and Variacs. The generator can be seen on the 
lower right of the terminal. 
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posite polarity can be sprayed onto the belt at the terminal 
and carried back to the ground end of the machine, doubling 
the charging capacity. The Singletron is purely electronic 
and has no belt. A resonant coil operating at 35 kHz and up 
to 40 kV is connected to a pair of “dees” inside the tank 
(Fig. 14). The dees are capacitively coupled to the electrodes 
at the top and bottom of the column and induce a current in 
them. This current is rectified by the diodes on each elec-
trode, producing a voltage. The voltage on the terminal is the 
sum of the voltages on the electrodes. The only moving parts 
in the Singletron are a shaft driven by an external motor that 
runs a generator to provide power to the terminal. In the Van 
de Graaff, the generator was driven by the terminal belt pul-
ley. 

There are other differences between the Singletron and 
the old Van de Graaff. One is that all the controls and read-
outs on the Singletron are accomplished using fiber optics; 
on the Van de Graaff control was accomplished with electric 
motors, strings and pulleys and read-out was performed by 
viewing an analog gauge in the terminal with a monocular or 
camera. Another difference is that the Singletron is con-
trolled by a PC whereas the Van de Graaff was controlled by 
custom electronics and consequently didn’t have many of 
the display, reporting and recording features provided by the 
PC software. A third difference is that the Singletron uses an 
RF ion source rather then the Duoplasmatron ion source in 
the Van de Graaff, which employed a filament with a some-
times all-too-limited lifetime.                                                ■ 

 

Fig. 13. The Singletron positioned and assembled. The cyl-
inder on the right is the resonant coil container. The accelerator 
control rack is on the far right. The section of pipe at the front 
of the accelerator contains an electrostatic quadrupole triplet.  
The dark gray “H” at the front of the accelerator is the “base-
plate” – much less massive than the 8’-diameter, 8”-thick plate 
used for the Van de Graaff. 

Fig. 14. The Singletron tank, showing the “dees” at the top 
and bottom of the tank. Each dee is connected to the resonant 
coil by the copper tubing. 

Fig. 12. The HVEE people putting the acceleration tube 
into the accelerator. 
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