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Abstract

The Vanderbilt University FEL Center project for the production of monochromatic
X-rays uses Compton backscattering of the infrared light from the FEL by the 40
MeV electron LINAC to produce nearly monochromatic pulses of X-rays in the
10-20 keV range. Detecting these requires the ability to distinguish the small 
ux
of 15 keV X-rays produced by the backscattering from the large 
ux of X-rays
from low energy to many MeV resulting from scattered electrons from the beam.
We have constructed a detector using two thin silicon surface-barrier detectors as
calorimeters, separated by an aluminum absorber, so that the front detector sees
both high energy and low energy X-rays, and the back one sees only high energy
X-rays. Using a carefully balanced di�erential amplifer chain, we can detect a soft
X-ray 
ux which is only about 5% of the broadband 
ux observed by our detector.
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1 Introduction

The Vanderbilt University Keck Free Electron Laser Center has had an ongoing
development e�ort to produce a tunable, narrow-band source of X-rays in
the 10-20 keV energy range which is of particular interest to the radiologic
community for use in mammography and imaging elsewhere in the body.
This is accomplished by using Compton backscattering of infrared (IR) light
between 2.0 �m and 2.5 �m at nearly 180� to the incoming 40 MeV electron
beam. [1] This con�guration provides relatively forgiving alignment and timing
of the electron bunches with respect to the photon bunches, but results in
X-rays coming out along the same direction as the electron beam (which
carries all the momentum in the lab frame). Detection of the beam in the
vault environment is essential to allow us to tune the IR and electron beam
up to the point at which we have su�cient 
ux to de
ect and transport the
X-ray beam up to the user level of our facility. This de
ection will be carried
out via the use of four graphite mosaic Bragg-re
ector crystals which are
expected to have an overall e�ciency of about 10%. [2]

Our LINAC operates with about 5 �s macropulses at a repetition rate of
30 Hz, and the infrared pulses from the FEL are about 2 �s long. Within
each macrobunch is a train of microbunches repeating at 2856 MHz which are
about 1 ps long. Thus, our X-rays are produced as a train of 1 ps pulses over
a 2 �s period at a 30 Hz rate, coincident with the production of IR photons.
This makes energy spectroscopy of the X-rays using standard HPGe or Si(Li)
detectors very di�cult since all the X-rays arrive at the detector in a 2 �s
window, which is typically the shaping time for such a detector, resulting
in the energy of all the X-rays in one bunch being summed into one giant
pulse. [3] Thus, using conventional detector techniques, one has no simple
way to distinguish the lower-energy X-rays of interest from the broadband
background. On the other hand, using a NaI(Tl) crystal and phototube as a
calorimeter yields timing resolution which is a little too slow to cleanly resolve
the 2 �s pulse of interest from the 5 �s pulse of background from the LINAC.
Further, plastic scintillators, which would be fast enough to provide the needed
timing resolution, degrade quickly in the intense radiation environment around
our experiment. It is this problem which the rest of this paper addresses.

2 Detector System Description

The problem we address e�ectively has two parts: �rst, how to detect a 
ux
of X-rays in a short pulse which precludes the use of normal spectroscopic
detectors but which is somewhat too fast for NaI(Tl) detectors to easily
resolve from the background; and, second, how to distinguish the low energy

2



X-rays of interest from the high energy background. On top of these two
main considerations is a further complication, which is that the environment
in which these detectors must live is a very rich source of electromagnetic
interference (EMI) due to the pulse power driving our klystron which provides
the power for the LINAC.

The �rst problem, �nding an X-ray calorimeter which was simple to use,
reasonably resistant to radiation damage, and compact, was solved by the
use of a Silicon Surface Barrier Detector (SBD) as our detecting medium.
Normally, these detectors are used for charged particle spectroscopy, rather
than as calorimeters. However, they have good sensitivity to photons over a
wide energy range, from just above the bandgap of Si (around 0.8 eV) to
X-rays (with the sensitivity depending primarily on whether the detector is
thick enough to absorb the photons of interest). Also, they are available 3

in a wide variety of sizes, packages, and thicknesses, thereby providing us
with the adaptability needed to �t our experiment. By selecting the material
thickness, we can choose a detector which absorbs most of the lower energy
X-rays without having such a large sensitive volume as to absorb any more
of the high energy X-rays than necessary. For our purposes, where energy
spectroscopy is not a goal, there is no need to cool the detector, either.

To estimate the optimum thickness of the detector, one must take into account
two factors: the e�ciency with which the detector detects low energy X-rays
and the transparency of the detector to high energy X-rays. To make a detailed
calculation of this optimum value would require a knowledge of the spectrum
of the high energy X-rays we are trying to ignore. Although it might be possible
to determine this spectrum, it would not be easy because of the pulsed nature
of our electron beam. Instead, we consider primarily the �rst factor and treat
the second by default. It is apparent that if the detector is too thin, so that
most of the low energy X-rays pass through, the total signal becomes smaller
and fades into the electromagnetic interference present in our system. On the
other hand, if the detector is very thick compared to the absorption length
for the low energy X-rays, it stops all of the low energy X-rays but also stops
more of the high energy X-rays than necessary. Between these two points, we
chose to make the detector approximately the thickness which would absorb
50% of the low energy X-rays. From standard tables [4][5] we �nd that the
attenuation length (to e�1) for 14 keV X-rays in Si is 350 �m, so we chose the
nearest value available to this for our detector thickness.

We tested a detector based on a single Si SBD and quickly discovered that the
background present in our system was more than 100 times the signal we were
expecting for the startup of the Compton system. Various attempts at digital
subtraction were made, in which the background produced with the IR beam

3 from, e.g., EG&G, Inc., Ortec division
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Fig. 1. Two Layer Detector

o� was subtracted from the signal with the IR on. However, the background
drifts with time, and we could only suppress a factor of a few of the background
due to this. This was clearly insu�cient, so we took the approach that it was
necessary to subtract the background on a shot-by-shot basis. To do this, we
had to be able to independently measure both the signal plus background and
the background. Our second generation detector provided us this ability.

The second (and �nal) generation detector we built consisted of two SBDs
separated by an aluminum absorber (Figure 1). This system stopped most of
the low energy X-rays in the Si detector, and the rest of them in a 1.6 mm layer
of aluminum. The second SBD, behind the aluminum, was thus only sensitive
to the high energy X-rays which made it through the absorber. Here again,
we made a reasonable assumption about the thickness of the absorber. We
wanted it to be thick enough to stop essentially all the low energy X-rays, but
thin enough that we minimized its interaction with the high energy ones. If the
absorber were too thick, we would have two di�erent e�ects in it which would
distort the signal in the rear detector. First, the high energy X-rays would be
somewhat attenuated by the absorber. Second, we could get Compton shower
generation in it, which could result in a conversion of high energy X-rays
into multiple low energy X-rays, and possibly increase the signal detected
by the rear detector. The actual value is not very critical (see discussion in
section 4). Any thickness signi�cantly greater than the half-value thickness
would probably su�ce. Our goal was to keep the apparent background on the
two detectors as similar as possible, so we could use a balanced di�erential
ampli�er chain (see below) to minimize EMI pickup in the detected signal.

3 Electronics

One of the primary challenges of this project was the presence of a broad
spectrum of EMI sources close to the detector. On top of this, we thought it
unwise to place active electronics near the detector, due to the relatively high
radiation environment present, which could result in two problems. First, the
location where the detector sits is subject to a time-averaged radiation 
ux
of 100 R/hour (1 Gy/hour) which results in moderately rapid degradation
of electronic components. More seriously, for our project, this radiation is
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4 Detector Calibration

To estimate the sensitivity of SBDs to X-rays, we followed two di�erent
approaches. First, we calculated the expected sensitivity of the detector by
the method described below. Then, using essentially the same method, we
calculated the sensitivity of a commercial radiological calibrator. Then, by
comparing the response of each detector to the same broadband X-ray source,
we veri�ed that the expected sensitivity of our system was essentially in accord
with the computed value.

Our method for computing the expected response of an ionization detector to
broadband X-ray source was as follows:

First, note that the absorbed fraction f of X-rays at a given energy E in a
layer of material of thickness t with attenuation length �(E) is

f(E) = 1� e�t=�(E) (1)

and assuming that, at low energies, Compton showers are not generated so
that if a photon is absorbed, it is entirely absorbed, the deposited energy � in
the detector is

" = E � f = E
�
1� e�t=�(E)

�
(2)

so for a source with an energy spectrum I(E) the mean deposited energy per
photon � is :

� =

R
E � I(E) �

�
1� e�t=�(E)

�
dE

R
I(E) dE

(3)

Converting the above-calculated sensitivity of each detector into a system
sensitivity requires a little more work. Since the output of the system is the
di�erence of the outputs of two detectors with an optional absorber between
them, one must multiply the above sensitivity by the di�erence in the signal
between the two detectors resulting from the absorption in the front detector
and the absorber. The correction factor (assuming the front and rear detectors
are identical) is

'(E)= 1� ((1� fdet(E)) � (1� fabs(E)))

= fdet(E) + fabs(E)� fdet(E) � fabs(E) (4)
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Fig. 5. Mammography Unit Energy Spectrum and Relative Sensitivity Curves for
the Detector System

Note that by using an absorber, one increases the sensitivity of the di�erential
detector at all energies. This may or may not be a desirable e�ect, depending
upon the spectrum of the background radiation. If most of the background is
at energies above those which are signi�cantly absorbed by the absorber, and
the front detector is not absorbing most of the signal of interest, an absorber
which is thick enough to absorb the rest of the signal of interest may be
bene�cial. However, it does increase the sensitivity to photons with energies
near those at which the detectors start to become transmitting; thus, if the
primary source of background is at an energy only somewhat higher than that
of the signal of interest, the best discrimination is obtained with no absorber.
The sensitivity curves in Figure 5 illustrate this e�ect.

The X-ray source we used for the calibration was a commercial mammography
machine 5 which has a molybdenum anode tube 6 , running at a beam voltage
of 50 kVP and a current of 80 mA. We measured the energy spectrum of
the X-ray tube (Figure 5) with a standard HPGe detector and with data
from available tables of X-rays absorption [4], (Figure 6) we can numerically
compute the integral in Equation 3 for both our silicon detectors and the
radiological calibrator.

In the case of the calibrator, which has a window in front of the sensitive
volume, it is necessary to correct the spectrum for the absorption in the
window. Also, for the calibrator, which uses a gas-�lled chamber, we assume
the sensitive volume is \thin" at the energies transmitted by its window, so
f(E) � t=�(E) which allows us to convert the readout of the calibrator (in

5 Philips Inc., mammo Diagnost
6 model ROT201
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Rad, where 100 Rad = 1 Gy = 1 J/kg) directly to a photon count. The
calibrator 7 has, per its speci�cations, a front window of thickness 110 mg/cm2

(of a plastic assumed to be CH2) and a sensitive area of 18.9 cm2. From the
spectrum (Figure 5) and the absorption data we get a mean sensitivity of the
ion chamber of 22 keV cm2g�1 (1:9� 10�11 Rad) per photon incident on the
window. Using the calibrator to intercept the entire beam from the source
yielded 0.56 Rad/s or 3:1� 1010 photons/s.

For the silicon detector, we use the technique described above to obtain mean
energy deposition and the pair-production energy for Si [6] to compute the
sensitivity. This yields a charge/photon which can then be inserted into our
100 
 impedance line to produce an impulse V�t V�s/photon. This is quite
straightforward. If Z is the line impedance, Ep is the pair production energy
and " is the energy deposited, from eqn. 2, then the charge q produced by a
photon of E is q = qe"=Ep so the voltage impulse V�t in the transmission line
will be V�t = q � Z = Zqe"=Ep. For our impedance (100 
), and pair energy
(3.9 eV), we get V�t = 4:1 nV � �s/keV of deposited energy.

Applying the sensitivity calculation to our detector, using 300 �m thickness
for the SBD, 1.6 mm thickness for the absorber, and the spectrum of the
broadband source gives a mean deposited � energy per photon of 5.8 keV.
The signal expected from the detector then should be

Vout = (5:8 keV=photon)(3:1� 1010 photons/s)(4:1� 10�15Vs=keV)

=740�V

7 Nuclear Associates / Victoreen model 06-525

9



Time(seconds)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

X
R

ay
 S

ig
na

l (
m

V
)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

No Filter

1.6 mm Al Filter

Fig. 7. Detector Calibration from the Mammography Unit

which compares quite favorably, given the complexities of the calibration, with
the 1.0 mV signal we measured (see �gure 7). Repeating the calculation with
the spectrum as modi�ed by a 1.6 mm absorber in front of our detector yields
a mean absorbed energy of 0.51 keV/photon (incident on the absorber) and a
signal of 65 �V, which is also reasonably close to the observed signal. Note that
the calculations for a broadband source where the absorbers strongly modify
the spectrum contain large uncertainties due to the exponential absorption in
the absorbers.

5 Results

While operating the Compton backscattering system on 14 August, 1998
with this detector, we observed the �rst signal. Figure 4 shows the �nal
subtracted signal (all di�erential ampli�ers and beam on-beam o�) from that
run. The system was tuned to generate X-rays of an energy of 14 keV. The
area corresponds to 1:4 � 103 X-rays/pulse which at our repetition rate of
30 Hz indicates a 
ux of 4� 104 photons/s.

6 Conclusion

The detection of pulsed X-rays in the presence of a large background of
much higher energy radiation is feasible. The system described in this work
has successfully seen the narrow-band 14 keV X-ray signal from Compton
backscattering the FEL.
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It was necessary to pay close attention to the electronic details of this system
to achieve peak performance. We have not yet investigated whether better
noise performance could be obtained by using hybrid ampli�ers close to the
detectors to boost the signal before it is transmitted to the remote receiver.
Because of the radiation environment near the detectors, we have strong
reservations about placing active components close to the detector, but there
may be improvements that would be seen if this were done.
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