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Abstract. Promising results are currently being obtained on the BNL Electron Beam Test
Stand (EBTS), which is a prototype for the Relativistic Heavy Ion Collider (RHIC) EBIS.
Based on the present-results, a proposal has been made regarding the general design of the
RHIC EBIS. During the next year experiments will be made to investigate physics issues
and beam properties important to the detailed design of the RHIC EBIS. Below we have
outlined some of the physics issues to be explored experimentally, beam diagnostics that
will be employed, and hardware modifications that are desired to go from the prototype
stage to the RHIC EBIS.

INTRODUCTION

In the course of developing an EBIS capable of delivering up to 3.4 x 109
AU32+ions/pulse in a 10-40 ps pulse, many choices have been made in design
parameters, Based on the performance of existing EBISS at the start of our program,
our previous experience with operating EBISS, and time constraints, a conservative
approach was chosen for the RHIC EBIS concept, which we consider the most
promising for producing the required ion charge. Based on our present results, and
more or less in accordance with the original proposal [1], the RHIC EBIS will operate
in a traditional EBIS mode, have a 1.5 m trap length, a warm bore, an unshielded
superconducting solenoid, and utilize a 10 A, 20 keV electron beam with a current
density <600 A/cm2. The goal for ion yield will be reached if one achieves 50%
neutralization of the electron beam by the ion species of interest and 200/0 of that
charge is in the desired charge state; these are parameters which have been achieved in
other EBISS.

Although the parameter choices present some difficulties in electron beam
power dissipation in the electron collector, and in the maintenance of uItra-high
vacuum in the trap region, it is believed that these problems can be solved in a rather
straightforward manner. On the other hand, the chosen parameters have the advantage
of placing relatively moderate demands on electron beam current density, ion charge
state, and mechanical precision required. Our most recent experiments have been
performed on a fill power, half length prototype for the EBIS called EBTS. Excellent
performance of the electron gun, designed and built at Novosibirsk [2], helped us to
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processing. Advances in computer technology made it possible to record circular dichroism and absorption or
fluorescence at the sametime.4’5 In the case of a synchrotrons source, which generates pulses of light at a high frequeney,
it is also possible to measure the time course of fluorescence using single photon counting in the same instrument.b

In this paper, I present a theory for the simultaneous measurements of circular dichroism and fluorescence polarization
anisotropy, the two most widely used forms of polarization measurements in biophysical photonics. The challenge in
developing this capability is that one involves circularly and the other involves linearly polarized light. Using previously
reported approaches, these capabilities can be extended to also include quantum corrected fluorescence intensity and
absorption. I expect that the primary impact of this capability will be in determining the response of a test system as a
function of time as, e. g., in a stopped flow experiment, or as part of a titration, rather than in the recording of spectra.
However, the basic technology described herein can also be used in an economical instrument capable of measuring
either circular dichroism or fluorescence polarization anisotropy while sharing most major optical and electronic
components.

THEORY

Fluorescence Polarization

A diagram of one configuration of components presently used to measure fluorescence polarization is shown in Figure 1.
The vertically polarized incident beam of photons of wavelength A excites fluorescence from the sample, which is
filtered to remove scattered incident light (filters not shown) and also passes through polarizers before reaching detectclrs
that record the two orthogonal linear polarization components of the fluorescence. These beams of fluorescence are
vertically and horizontally polarized.
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Figure Schematic diagram for the measurement of fluorescence polarization anisotropy using two detection
channels (T format). The plane defined by the incident photon beam and the orthogonal direction
between the sample and the fluorescence detectors is defined as the horizontal plane, so the incident
beam is characterized as vertically polarized.

The degree of polarization of the fluorescence from a sample can be characterized either by the polarization ratio, P, [or

the anisotropy ratio, r, which is preferable for reasons explained in standard references on fluorescence.’ Both P and r
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are self-normalizing. That is, the terms in both numerator and denominator are proportional to the intensity of the
incident light, so the ratio is independent of the incident intensity (although the signal-to-noise ratio is strongly
dependent on incident intensity). Rotating the polarizer in the incident beam (the excitation polarizer) by 7c/2causes both

emission channels to record a signal proportional to FH, an effect commonly used in calibrating the responses of
emission channels in both T and L format fluorometers.7 Rotation of the excitation polarizer cannot, however, be used in
the measurement of P and r along the lines described below because the monochromatic photon beam from most
experimental sources, particularly those employing a monochromator, are partially polarized. In this situation, changing
the incident polarization also changes the intensity, hence destroying the self-normalizing property of the measurement.

For the experimental arrangement shown in Figure 1, P and r are measured by the ratios of fluorescence intensity
indicated in the figure. A definition that will be more useful in this work involves defining these parameters in terms of
the quantum yields for fluorescence parallel and perpendicular to the direction of polarization of the exciting light, as

shown for r in Equation 1, irrespective of the actual direction of that vector in space.

~= 41-L Equation 1

q, +V.

Dupont and his colleagness pointed out that if the emission polarizer is removed horn one of the emission channels
shown in Figure 1 then the signal received when the excitation polarization is vertical is Fv = Fjl -1-,FL while when the
excitation polarization is horizontal, the intensity recorded in the same channel would by FH = 2 FL where Fll and FL are
intensities emitted parallel and perpendicular to the direction of polarization of the exciting light, and the subscripts “V”
and “H” refer to the polarization of the excitation beam. Were it not for the change in intensity of the excitation beam

that occurs, rotating the excitation polarizer would provide enough information to determine P and r,

Circular Dichroisrn

A schematic diagram of components used for measuring circular dichroism is shown in Figure 2. The incident photon
beam contains a polarizer, as does the fluorometer shown in Figure 1. However, a photoelastic modulator is placed
between the polarizer and the sample and a detector monitors the beam transmitted through the sample. The photoelastic
modulator changes the polarization of the photons reaching the sampIe without changing the total photon flux. Because
the detector (ideally) responds only to the total photon flux and not to the polarization of these photons, the signal
reaching the detector is constant unless the sample absorbs (or scatters) the transmitted beam differentially as a fimcticm
of polarization.
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Figure 2 Schematic diagram of an instrument for the measurement of circular dichroism,

Assuming that a vertically polarized beam is incident on the photoelastic modulator and the strain axis of the modulator
is oriented at 7c/4radians off vertical, the photoelastic modulator will produce a phase shift dbetween the component of
the incident light parallel to its stress axis compared to the component perpendicular to that axis.g>lo Photoelastic
modulators are resonant devices so the differential phase retardation changes periodically at the frequency of the
modulator (typically 50 kHz) according to Equation 2, where d is the thickness of the modulator element, S is the strain
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qt) =7 CS’sin(cot)= 30sin(cot) Equation 2

produced by the modulator drive system, and C is the stress optical constant to the modulator drive element at
wavelength 2. Theproduct of the factors multiplying thesine tem is designated ~,thevalue ofwhich can decontrolled
bychanging thevalue of Sbymeans oftiemodulator drive circuit. &isthemaximum amplitude of the phase shift
induced bythephotoelastic modulator. The beam emerging fiomthe photoelastic modulator can bedescribedequa[1y
well as the sum of two linearly polarized components or two circularly polarized components as shown in Equatior[3
and Equation 4, where the subscripts L and R designate left and right and, as above, V and H denote vertical and
horizontal. The 131usand minus signs apply to the first and second subscripts, respectively.

.

Linear: lO(t)=lV(t)+lH(t), where lv,H(t)=~(l+cos[ d(t)]) Equation 3

Circular: lO(t)=lL(f)+lR(t), where lL,l(t)=~(l&sin[ d(t)]) Equation 4

The trigonometric fl.mctions in these two equations are expanded using the expression for &Q from Equation 2 in terms
of Bessel fimctions of the first kind as shown in Equation 5 and Equation 6. Thus the description of the photon bea~m
incident of the sample in terms of linearly polarized light depends only on the Bessel functions of even orders while the
description based on circularly polarized components depends only on the odd orders. The values of the three lowest
order Bessel functions are shown in Figure 3.

Cos(80Sh(f@)=~0(dO)+2~z(dO)cos(2c@ + 2JQ(6.) cos(4ut) + . . . Equation 5

sin (dOsin(tot)) =2J1 (8.) sin(ot) + 2J~(6.) sin(3@t)+... Equation 6

The approach is to determine how the sample will affect the absorption and/or emission of the separate polarization
components and then sum their effects on the total photon flux reaching a detector, I(t). In the case of circular dichroism,
different absorption coefficients, AL and AR, are applied to the two corresponding intensity components as shown in
Equation 7.

~(t) = IL(t) 10-AL+ IR(t)lo-~” Equation 7

Assuming that the sample does not exhibit linear dichroism, i. e., Av = AH, and that the circular dichroism is small
compared to the average absorption, i. e., AL – AR << (AL+AR)12,we expand the exponential terms in Equation 7 in a
Taylor series, discarding all terms higher than first order. We also expand the two intensity terms according to Equation
4 and Equation 6, discarding all terms in frequencies greater than (I),obtaining the result shown in Equation 8.

(AL+AR)
.—

I(t)= 10(2)10 L 2 J [1- ln(lO)J, (dO)(AL- AR) sin(~t) . ..] Equation 8

The signal reaching the detector can be described as the sum of an unmodulated or “de” component, ~, a component
modulated at the fimdamental frequency of the photoelastic modulator, AZo,plus terms modulated at the odd harmonics
of the modulator ffequency according to Equation 9.

I(t) = ~+ Nm sin(mt) + ... Equation 9

The value of ~ is obtained in an experiment by passing the electronic signal from the detector through a low pass filter,
while , AZ. is obtained tkom the output of a phase sensitive detector (lock-in amplifier) tuned to the frequency and phase
of the photoelastic modulator. Comparing corresponding terms in Equation 8 and Equation 9 gives the expression for
circular dichroism shown in Equation 10. The expression in parenthesis represents a calibration factor for the circular

AL–AR=
Equation 10
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dichroism experiment. Contrary to what might be expected, the modulator need not be operated to produce quarter wave
retardation (~ = z/2) for the measurement of circular dichroism. Indeed, the only formal restriction is that the phase
must be chosen such that J1(&) # O. For a given value of the circular dichroism of a sample, the maximum value of MO
and hence the minimum value of the calibration constant will result for the value of 50 that corresponds to the maximum
value of Jl, which is approximately 0.587 n (1060). In a properly calibrated circular dichroism spectrometer, other
values of 50 will result in a smaller experimental value of AZ. being multiplied by a correspondingly larger calibration
constant. While not affecting the accuracy of a circular dichroism measurement, choosing the phase amplitude at the
maximum of the .lI function optimizes the signal-to-noise ratio, and hence the precision of the measurement.
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Figure 3 The three lowest order Bessel functions of the first kind as a function of the maximum phase
amplitude, 6.. The values of 60 that cause Jo to equal 1/3 and –1/3 are designated “magic phase”
amplitudes. They are critical to measurements of fluorescence polarization anisotropy, as described in

the text, and represented by the symbols ~jv and 6jH respectively.

Simultaneous Circular Dichroism and Fluorescence Polarization

A schematic diagram of an instrument to measure both circular dichroism and fluorescence polarization at the same time
is shown in Figure 4. The arrangement of optical components along the transmission axis is identical to that for a circular
dichroism experiment as shown in Figure 2. Note that only one fluorescence detector is required and no polarizer is
present between the sample and this detector.
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Figure 4 Schematic diagram of an instrument for the simultaneous measurement of circular dichroism and
fluorescence polarization. A polarization-neutral filter to prevent scattered incident light from reaching
the fluorescence detector is required, although not shown.

As with circular dichroism, we presume that the sample absorbs the two linearly polarized components of the incident
beam to the same degree, i. e., there is no Iineardichroism so& =AV=A. Thus, any linear polarization of the
fluorescence must result from differences in quantum yield for emission parallel and perpendicular to the polarization of
the incident beam, usually due to incomplete depolarization of the fluorescing species during the lifetime of the excited
state – typically a few ns. In the absence of an emission polarizer, the detector records light emitted parallel and
perpendicular to the direction of polarization of the incident beam for the vertically polarized component of the exciting
beam. But when the incident beam is horizontally polarized, both the horizontally and vertically polarized components
of fluorescence reaching the detector are emitted perpendicular to the polarization of the exciting beam. Thus, the time
varying fluorescence intensity reaching the detector is described by Equation 11, which presumes that the detector
collects fluorescence from all portions of the sample with equal efficiency.

m =[(4, +L)W)+WLLW ](1-10-’) Equation 11

Substituting the expressions for the vertically and horizontally polarized intensities shown in Equation 3 and the

expansion for COS(80sin(cet)) from Equation 5 gives the result shown in Equation 12.

~(t)=(l–lo-~ )~{~1 [1+ Jo(d. )]+@L[3– Jo (6.)]+ 2[~[ –@l] J2 (3. ) COS(20t)+...} Equation 12

—
The signal generated by the fluorescence detector can be described as the sum of a time invariant signal, F, a signal

modulated at twice the frequency of the photoelastic modulator, AF2W, plus a series of terms modulated at the higher
even harmonics of the photoelastic modulator frequency, as shown in Equation 13.

F(t) = i%U?pO COS(2C4+... Equation 13

~ can be obtained by passing the voltage generated by F(t) through a low pass filter or by averaging it over many cycles

of the photoelastic modulator, while M20 is obtained from a lock-in amplifier having the ~(t) generated voltage as
input and tuned to twice the ftequency of the photoelastic modulator. Note that in both this situation and in the case of
circular dichroism considered above, we do not need to assume that the higher harmonics are of insignificant amplitude.
Rather, they are not detected by these procedures. Comparing Equation 12 and Equation 13 leads to Equation 14.

AF Zci) _ q. f@?L]J2(~o)— _
F d, [1 +J(l(~o)l+k [3 - Jo@o)l

Equation 14

In a measurement of fluorescence polarization anisotropy, the intensity of fluorescence polarized perpendicular to the
polarization of the exciting light must be weighted twice as heavily as the parallel polarized component. This can be
accomplished by choosing& such that Y. =1 /3. The (smallest) phase amplitude that fi.rlfills this condition is designate by

the symbol &. I call this the magic phase amplitude because it causes fluorescence polarized perpendicular to the

polarization of the exciting light to be weighted twice as heavily as parallel polarized fluorescence, in analogy with a

magic angle emission polarizer, which achieve the same weighting.’ Actually, ~~v is the magic phase for vertically

polarized exciting light incident on the photoelastic modulator. A different phase amplitude satisfies the magic phase
condition if the light incident on the photoelastic modulator is horizontally, rather than vertically polarized (vide irrjw).

The value of 80*V is approximately 0.5777c (1040), which, as shown in Figure 3, is quite close to the phase that produces

the maximum value of JI and hence the maximum value of AI. in a CD experiment. Rearranging Equation 14 results in
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the expression for fluorescence polarization anisotropy given in Equation 15, where the value of J2(&’)is

approximately 0.309.

Thus, by adjusting the control circuit to provide a phase retardation amplitude of ~~v for the particular excitation

wavelength, we can measure circular dichroism by recording the time average and photoelastic modulator fi.mdamental
signals (T and AI. respectively) using Equation 10, with dO= & and at the same time measure fluorescence

polarization anisotropy, r, by monitoring the time average and photoelastic modulator first harmonic signals from the
fluorescence detector (F and AF’z@respectively) according to Equation 15.

Simultaneous measurement of circular dichroism and fluorescence polarization anisotropy is also possible if the
excitation polarizer is set to pass horizontally polarized light. The major change in analysis is to reverse the meaning of
the signs in Equation 3 so that the plus applies to the horizontally polarized beam. The expression analogous to Equation
11 is shown in Equation 16. The criterion that the perpendicularly polarized component is weighted twice as heavily as

the parallel component is achieved if Jo (d~H) equals, –1/3 thus defining the magic phase for horizontally polarized

excitation, which is approximately 1.035 z (1860), and thus close to the phase amplitude that maximizes Jz. Extraction of
the circular dichroism and fluorescence polarization anisotropy proceeds as above, except for changes in the sign of the
modulated signals, which can be handled in an experiment by shifting the phase setting of a lock-in amplifier by 180°.

.

~(0 = (1– 10-A)$-{~1 [1– JO(dO)]+ @l[3+ JO(d O)]– 2[4, – $1]Ja (3.) COS(Z!LIX)} Equation 16

Simultaneous Measurement of circular dichroism and fluorescence polarization anisotropy using single-photcm
counting fluorescence detection.

Single photon counting is an alternate approach to high-sensitivity detection of weak fluorescence signals. Simultaneous
detection of circular dichroism and fluorescence polarization anisotropy is compatible with the use of single-photcm
counting for the fluorescence channel. The configuration for such an experiment involves the circular dichrois m
experiment just as shown in Figure 2, but with two polarizers and fluorescence detectors as shown in Figure 1. The

excitation polarizer is set to produce vertically polarized light. The two fluorescence signals, ~v (f) and ~’(t), wdl

receive fluorescence induced by both the vertically and horizontally polarized components of the exciting beam, as

shown in Equation 17 and Equation 18, where I~t) and I~t) are as defined in Equation 3. Their sum is just Io, so

~~t) should not be modulated by the photoelastic modulator, and thus will be written as ~H .

Fv(t)=(l-lo-’ ) [q,I.(t) + AM)] Equation 17

FH(t)=(l–lo-’4 )[$lll,(t) +@JH(t)] = (1–lo-~ )@LIo= FH Equation 18

We will assume that the fluorescence signals will be accumulated for a period much longer that the period of the

photoelastic modulator, (< 200 LS is adequite) so the cos(20X) and all higher harmonic terms in the expansions for ~{t)

and ]~t) will average to zero, and the signal reaching the detector after passing through the vertical emission polarizer
can be written as shown in Equation 19. Solving for the quantum yields and substituting gives the revised expression for
the fluorescence polarization anisotropy appropriate for this experimental configuration shown in Equation 20.

Fv=(l-lo-’)~[~l(l+ Jo(do)+pL(l-Jo(do)] Equation 19
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Equation 20

Note that when the photoelastic modulator is not operating, C$O= Oand Jo = 1, so ~ reverts to the classical expression for

fluorescence polarization anisotropy shown in Figure 1. In principle, any non-zero value of do can be used to measure
fluorescence polarization anisotropy, but two seem particularly convenient. Setting the phase amplitude so that Jo= 1/3
optimizes the circular dichroism experiment and results for the expression for fluorescence polarization anisotropy
shown in Equation21, while Jo = –1/3 results in Equation 22.

Fv – FH
,JO=; Equation 21

‘= FV+FH

Fv–FH
r= ,JO=–;

Fv Equation 22

DISCUSSION

Which Excitation Polarization?

Circular dichroism and fluorescence polarization anisotropy can both be measured accurately with either horizontal or
vertical polarization of the incident beam when the latter is detected with a lock-in amplifier. Vertically polarized
excitation requires that the maximum phase amplitude be set at the magic value of 0.577n (104°) which is near the
phase amplitude that generates the largest circular dichroism signal, hence optimizing the signal-to-noise ratio for this
measurement. Horizontal incident polarization, in contrast, requires the magic phase amplitude of 1.035 z (1860), which
is close to the value that maximizes the fluorescence polarization anisotropy signal, and hence the signal-to-noise ratio
for this measurement. This flexibility in the choice of incident polarization is usefi.d in situations in which the incident
beam is partially polarized, e.g., when using a synchrotrons radiation light source. It must be stressed however, that in
both cases, the calibration constants will compensate for the differences in the amplitudes of the modulated signals, so
both configurations give accurate measurements. The choice of incident polarization direction only affects the signal-i o-
noise ratios and hence the precision obtained, and that usually only to a modest degree.

Simultaneous Determination of Absorption and Excitation Corrected Fluorescence.

Both circular dichroism and fluorescence polarization anisotropy are “ratio” measurements and hence self-normalizing.
However, both components of the ratio are contained in the intensity of light that has passed through or been emitted
from the sample. Thus, neither of these important experimental observable requires we record the intensity of the
incident beam. Recording the incident intensity, however, makes it possible to ~etermine two additional important
parameters at the same time that circular dichroism and fluorescence polarization anisotropy are measured. These are the
absorption* of the sample and the excitation-intensity-corrected fluorescence. The latter is particular useful when
excitation spectra are measured, as this correction greatly facilitates comparisons between fluorescence and absorption.
Measurement of the absorption of the sample in comparison with a “blank” is based on the “pseudo absorption”
technique, which has been described in detail elsewhere. 3,1I The information requiredfor pseudo absorption is leSS

demanding than that required for correcting the fluorescence spectrum, because in can be based on a detector that ha~ a
spectral response different than that of the detector used to monitor the circular dichroism. The incident intensity monitor
required for the correction of fluorescence, in contrast, should give a signal directly proportional to the incident photon

● Implementations of pseudo-absorption can be achieved without monitoring the intensity of the incident beam if one can
reasonably expect the intensity of the light source to remain constant over the period required to measure both tihe
sample and the “blank”, and implementations of pseudo-absorption in commercial circular dichroism spectrometers are
based on this assumption. However, such an assumption is not justified in most circular dichroism spectrometers that
used synchrotrons radiation sources, for which it was invented. In any case, having an independent measure of the
incident intensity increases the robustness of the method.
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flux or a signal that can be converted to photon flux at each incident wavelength. A “quantum screen” is frequently used
for this purpose,7 although the use of this class of detector may limit the spectral region that can be covered. Any
detector suitable forobtaining thesignal required tocomect fluorescence should be adequate for determining pseudo
absorption, and many commercial fluorometers include such capabilities.

A Practical Instrument

A diagram of an instrument capable of recording circular dichroism, fluorescence polarization anisotropy, intensity
corrected fluorescence and the absorption of a sample is shown in Figure 5. The diagram presumes that it is possible to
measure the unmodulated (or “de”) signals from both the transmission and fluorescence detectors at all times. Thus, it is
the configuration of the lock-in amplifier that determines whether circular dichroism or fluorescence polarization
anisotropy is recorded. Adding a second lock-in amplifier makes possible simultaneous measurement of circular
dichroism and fluorescence polarization anisotropy.

I emission

va+r+7
hv

Av
pm lock-in

AF
excitation
[double]

monochromator

1

.
1.,.

i,. .

lamp

.I[w+’, ~’ ‘w’

Hv pm pm

power &
igniter

10 reference

s -q pem
control I pem reference

Figure 5 Plan view of an instrument to record circular dichroism or fluorescence polarization anisotropy and
pseudo-absorption plus excitation corrected fluorescence at the same time. The excitation sou;ce is
shown as a high-pressure Xenon arc, although other sources such as a synchrotrons radiation storage
ring could be used. Optical signals recorded by the various detectors are converted to voltages, v(O,
from which time average and modulated signals can be extracted.

A Lock-in Lovers Delight

The accuracy and sensitivity for measuring the intensity of the incident beam is greatly increased by replacing the
transparent plate used for diverting a fraction of the incident beam (see Figure 5) with a rotating sectored mirror, which
fimctions as a mechanical chopper. Such devices are widely used in dual beam spectrophotometers. This arrangement
sends one half of the incident beam to the reference detector and permits the use of synchronous detection of this signal.
The resulting loss of intensity in the primary signal channel can be overcome in part by double synchronous detection, as
shown schematically in Figure 6. The “de” signal is shifted to the frequency of the chopper, hence reducing drift and
improving the sensitivity of detection by the use of a lock-in amplifier to record the T signal. The Av signal can be
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detected by two lock-ins acting in series. The first is tuned to the frequency of the photoelastic modulator (co or 2.03
depending on the experiment) but its output filter roll off frequency is set to pass the frequency of the chopper, Iypically
about 100 Hz. This combination increases the selectivity of the detection system, thus compensating for the loss of
intensity reaching the detector. Similar configurations have been used for near infrared circular dichroism. 12’13The
significant disadvantage of such a configuration of this approach is an increase in cost, as a complete system for
simultaneous measurement of circular dichroism, fluorescence polarization anisotropy, pseudo-absorption, and intensity
corrected fluorescence requires seven lock-in amplifiers.

QHV

I

I

IL------- ------------------------ i

Figure 6 Schematic diagram of the configuration of a double synchronous detection system for the
measurement of circular dichroism or fluorescence polarization anisotropy with both a photoelastic
mochdator and a mechanical mirror chopper.

Polarization Ratio

It is generally preferable to measure the fluorescence polarization anisotropy, r, rather than the polarization ratio, P, as
defined in Figure I because the former reflects the true weighting of three-dimensional fluorescence.’ This is fortunate
because the approach described for measuring r cannot be adapted to measure P directly. The difficulty arises because
measuring P necessitates weighting the parallel and perpendicularly polarized components equally. This requires that Jo
equal 1 or –1 for vertical and horizontally polarized incident radiation, respectively. The fwst condition can only ibe

achieved for 80 = O, which causes both J1 and J2 to equal Othus eliminating the polarization difference signals. There is
no phase amplitude that causes Jo to equal –1, as shown in Figure 3.
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