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Abstract

-

Measurement of electronic g-factors (') from radicals in irradiated organic crystals is generally difficult because the overall EPR
pattern is usually the composite of several components, e.g., from multiple radicals and from multiple magnetic sites. However,
when an ENDOR line is fully resolved, the method of ENDOR-induced EPR (EI-EPR, or EIE) in principle permits identification gf
the EPR pattern from the individual component yielding the line. To examine this method as an approach useful for measuring g’,
we used it to measure those of known radigc)lls in two different crystal systems. First, to verify correspondence of the EIE and EPR

sufficient for using EIE patterns to extract g, we used both EIE and EPR to measure g of *CH(COOH), from irradiated crystals g{

malonic acid. Then, to illustrate the procedure applied to a system giving a more complex EPR pattern, we used EIE to measure g
of the O6-protonated anion radical of guanine in irradiated guanine - HCl - 2H,O crystals. EPR results from the malonic acid radical
are gmax = 2.00374(2), gmia = 2.00331(2), and gmin = 2.00234(3); EIE results from the same radical are gpa.x = 2.00375(2),
Zmid = 2.00334(2), and gmin = 2.00238(2), where numbers in parentheses indicate statistical uncertainties in the respective least
significant digits. In addition, eigenvectors from the two sets of measurements agree to approximately 1°. Results from the guanine
radical are gm,x = 2.00490(2), gmia = 2.00318(4), and gumin = 2.00218(4). (The uncertainties should reliably indicate relative accu-
racy, while absolute accuracy is within £0.0002 as indicated by simultaneous measurement of Cr>* in MgO.)

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction constants, measurement of g. requires combined mea-
surement of the operating microwave frequency (Vi)
and the magnetic field position at which the resonance
occurs (Br) according to Eq. (3). For EPR spectra where
hyperfine interactions create a multi-line pattern, the
equivalent of By is B., the center or midpoint of the
spectrum (to first order in A/hv; see the discussion on
(1) malonic acid below)

As_i)ndicated by the spin Hamiltonian in Eq. (1) be-
low, g is perhaps the most basic magnetic characteristic
of a paramagnetic species [1]. Although orientation-de-

—

pendent as g, its
—
H=pB-g-S

effective value (g.) determines the magnetic field posi- BV

(3)

Geff =

tion at which the paramagnetic resonance occurs ac-
cording to the “resonance” condition in Eq. (2) below
(in the form appropriate for S =1/2). Since Planck’s
constant (#) and the Bohr magneton (f) are funda-
mental

hvmw = geffﬁBR (2)
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BBr

Irradiation of organic solids generally leads to for-
mation of multiple radical species, thereby creating an
EPR pattern that is the composite of several individual
components. Measurement of g for each species di-
rectly from the EPR is difficult under these circum-
stances due to the overlapping patterns and consequent
uncertain location of the midpoint for each component.
Further increasing the difficulty are the multiple patterns
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created by the “site splitting” commonly present in EPR
spectra from crystals. In addition, components of the g’
for radicals in irradiated organic crystals typically vary
only sligﬂ)tly from the free-electron value (ca. +0.005)

making g information much less useful than hyperfine
information in providing evidence helpful for identifying
radicals. Partly due to their lower “identification value”
and partly due to the measurement difficulty, g-values
are much less frequently included among the magnetic
parameters reported from studies of radiation-induced
radicals. In fact, reports from our laboratory mainly
have given hyperfine couplings obtained_> with the EN-

DOR method and rarely have reported g’ information.
However, successful simulation of EPR spectra ex-

pected from_)randomly oriented radicals can depend

strongly on g information [2-4]. This is true for the K-
band (~24 GHz) microwave frequencies used in our
laboratory, for the Q-band (~35GHz) frequencies used
in many laboratories, and particularly true for the much
higher frequencies (up to 300+ GHz) used in an in-
creasing number of laboratories [4]. The extent to which
this is important is demonstrated in the concluding
discussion with spectra simulated from the malonic acid
results. -

Because g information is important to effective
simulations of spectra expected for known radicals, we
chose to investigate the ENDOR-induced EPR (El—>

EPR, or EIE) [5,6], method as a means of extracting g
from overlapping EPR spectra. The potential for doing
so with EIE is based on the much higher resolution of
ENDOR spectra in comparison to EPR. With ENDOR,
the individual lines are completely resolved in most
cases. The EIE method, accomplished by fixing the RF
generator to an ENDOR peak and sweeping the mag-
netic field, provides the magnetic profile of the ENDOR
response. In the usual case, this magnetic profile corre-
sponds to the EPR extent of only the radical from which
the ENDOR arises. (In some cases, intra- or inter-mo-
lecular cross-relaxation may suppress the ENDOR effect
for a portion of the field range and distort the EIE
pattern.) In principle, therefore, g.¢r of a specific radical
species (or magnetic site) can be measured simply by
finding the magnetic field value at the center of the
corresponding EIE pattern.

We took a two-step approach in this investigation.
The first was to ensure that EIE patterns could represent
EPR spectra with fidelity sufficient for extracting gegr.
For this purpose, we chose the radical *CH(COOH); in
irradiated crystals of malonic acid. Malonic acid was
attractive for several reasons: the crystals are triclinic
so there would be no magnetic site splitting; it is a
well-studied system where it is known that the crystals
can be heat-treated after irradiation so that only the
‘CH(COOH), radical remains [7]; the EPR spectrum
from this radical is well-resolved at many orientations,

making it straightforward to identify the center of the
pattern. These characteristics permit measurement of
geir from both the EPR and EIE patterns as is necessary
to validate the EIE method.

The second step was to apply the EIE method to a
system giving a more complex EPR pattern. For this
case we chose the radical previously identified as the O6-
protonated guanine anion in guanine-HCIl-2H,;0
(guanine hydrochloride dihydrate, or Gd) crystals [8].
The Gd crystals are monoclinic and exhibit magnetic site
splitting; in addition, under the conditions where the
O6-protonated anion radical exists, two other radicals
coexist. Thus, the Gd system presents examples of all the
factors described above as complications for gy mea-
surement.

2. Experimental

Malonic acid crystallizes with a triclinic unit cell [9,10];
it was possible to grow large crystals by slowly evapo-
rating aqueous solutions of the commercially available
compound. Suitable crystals were irradiated to a total
dose of approximately 50 kGy at room temperature with
X-rays from a tungsten-target tube operating at 55kV
from a constant-potential supply. Heat treatment at 60 °C
for 12-15h following the irradiation essentially elimi-
nated all radicals except "CH(COOH), [7]. Guan-
ine - HCI- 2H,O crystallizes with a monoclinic unit cell
[11]; suitable crystals grew from sealed solutions on a
hotplate as previously described [§]. These were irradiated
at 150 K, also to ca. 50 kGy. After irradiation, the crystals
were annealed at 180 K for approximately 15 min to allow
all O6-protonated anion radicals to adopt the most stable
conformation described in the previous study [8]. Data
from malonic acid were collected by rotation of annealed
crystals (at room temperature) about the «*, b*, and
(102)" axes, and data from Gd were collected by rotation
of annealed crystals (cooled to 150K) about b, ¢*, and
(011)". All EPR spectra were recorded as second-deriva-
tives, and ENDOR spectra as first-derivatives, using
previously described instrumentation [§].

To record EIE patterns, it is necessary to scan the
magnetic field with the ENDOR frequency fixed on a
peak (in our case this is a first-derivative peak). How-
ever, the exact frequency of an ENDOR line is a func-
tion of the free proton frequency, described to first order
according to v = |v, £a/2|. Thus, the ENDOR fre-
quency is a function of the field value, and maintaining
the ENDOR frequency at the peak position requires a
field-dependent adjustment of the frequency. Our pro-
cedure is to monitor the high-frequency ENDOR line
while scanning the frequency simultaneously with the
field according to:

V=" + (B - BO) X (gnﬁn/h)a (4)
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where vy and By are the RF and magnetic field values for
the initial ENDOR spectrum; v and B are the instanta-
neous values during the scan; g, and f3, are the appro-
priate nuclear values, and /4 is Planck’s constant.

At the outset, our goal was to measure g (~2.0) to
£0.0001; doing so requires overall measurement capa-
bility of 0.5x 10™* or 5 parts in 10°. At the K-band
frequency of ca. 24.0 GHz, this requires frequency mea-
surement to +1.2 MHz. This is well within the measure-
ment capability of modern microwave frequency
counters; moreover, the frequency stability of our spec-
trometer during a scan is better than 1 part in 10°. Thus,
frequency measurement capabilities and spectrometer
stability did not limit measurement of ger, making
the main challenge that of measuring B., the midpoint of
the EPR (or EIE) pattern, to 5 parts in 10°. For the ap-
proximate 0.85 T (8500 G) field value (for B, at 24.0 GHz
when geir = 2.0), this required identifying and measuring
B to £0.425G.

The microwave frequency was measured with Hew-
lett—Packard counters (5343A or 5351A). The magnetic
field was set and swept by direct computer control of a
Bruker BH-15 unit, while the magnetic field value at the
beginning and end of the scan was read from an NMR
gaussmeter (Bruker ER 035M) with the probe centered
in the magnet gap and located as close to the sample
cavity as possible (~30mm in front). Direct measure-
ment indicated the field values at the NMR and sample
positions were related by (Bsample —Bnmr) = 042G
over the full range of the scans. Actual field values were
calculated from the NMR measurements by linearly
rescaling the raw values established by the BH-15 set
points.

To provide a continuous check on this relationship,
each EPR spectrum also includes that of Cr3* ions in
M¢gO from a sample located at the wall of the cylindrical
microwave resonator. Previous studies of the Cr**:MgO
system reported g, values of 1.9800 + 0.0006 [12], 1.9797
(no uncertainty quoted) [13], 1.9798 +0.0001 [14,15],
and 1.9810 4 0.0006 [16]. Our results from more than 50
measurements, made as described above, gave the value
g. = 1.97971 £ 0.00001. However, this level of precision
indicates the high degree of consistency among the data in
our experiments but does not account for systematic er-
rors, e.g., from placement of the NMR probe relative to
the reference sample. Nevertheless, the strong
correspondence between our value and those reported
previously makes it reasonable to state that g, =
1.9797 4 0.0002 for Cr** ions in MgO.

Results were extracted from the angular-dependence
data by use of the program MAGRES [17]. Recent
modifications to the program incorporate non-linear
least-squares techniques to provide a refinement of the
results by adjustment of the polar and intersection an-
gles of the datasets to minimize the weighted »> for the
complete set of data. The program also provides stan-

dard error estimates for the eigenvalues and eigenvectors
derived from the data.

Peak positions for the ESR and EIE data were
measured using Origin 6.1 with the following procedure.
After reading the spectrum file (recorded at 0.1 G reso-
lution) into Origin, the spectrum was treated with 8- to
64-point FFT smoothing, with the specific choice de-
pending on the degree of noise in the raw spectrum. The
peak of the smoothed pattern was then located by use of
a routine written in the Origin scripting language. Spe-
cifically, the routine fits a parabola to 25 points sur-
rounding an initial position located visually (by a mouse
click) in the vicinity of the peak; following the mouse
click, the position of the parabola is iterated automati-
cally until convergence. Since the apex of the converged
parabola indicates the peak, the measurement incorpo-
rates interpolation and provides results as though the
data were continuous.

3. Results from malonic acid

Fig. 1 shows representative EPR, ENDOR, and EIE
patterns from a malonic acid crystal. These indicate the
degree to which only the *CH(COOH), radical is present
in the heat-treated crystals. Fig. 2a shows the angular
dependence of g.; measured from the EPR in three
planes while Fig. 2b shows that of g, measured from

(a)

(b)
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Fig. 1. (a) EPR (second-derivative) from malonic acid; (b) EIE from
the ENDOR line (first derivative) indicated by the arrow in (c); (c)
ENDOR with the field set on the EPR at the position indicated by the
arrow in (a). The magnetic field is at a position in the ac crystallo-
graphic plane 30° from (a).
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Fig. 2. (a) Angular dependence of the g-values measured from malonic acid EPR for rotation of crystals about three axes as indicated. Note that all
three rotation axes are parallel to reciprocal lattice vectors as indicated by the “*.”” (b) Angular dependence of the g-values measured from EIE
patterns for the same crystals and rotations as (a). In both figures, filled circles indicate actual data while the continuous lines were calculated from
the tensors in Table 1. Also in both figures, the x-axis scale for the Rot. (b)" set does not extend to 180° and that for the Rot. (102)" set does not begin
at 0°. Instead, the respective x-axes are truncated at the positions where the planes of data intersect.

the EIE patterns in three planes. That the results are
virtually identical is reinforced by the values extracted
from the data, listed in Table 1.

For ease of comparison, the results reported in Table
1 are presented in a system defined by the hyperfine
coupling tensor: X is the direction of Ay,, Y is the di-
rection of Amax, and Z is the direction of A.;q. These
directions are related to the malonic acid *CH group as
shown in Scheme 1. Although the hyperfine coupling
itself is not the focus of this study, it should be noted
that the eigenvalues are virtually the same as those re-
ported by Sagstuen et al. [18] for a previous study at
room temperature; as well, the eigenvalues correspond

Scheme 1. Relation of coordinate axes to the *CH group of the malonic
acid radical.

well to those reported by McCalley and Kwiram [19] for
crystals cooled to 4.2 K. It_s)hould also be noted that the
results reported here for g’ correspond to those in the
original study by McConnell et al. [7] according to:

Table 1
Results from malonic acid
Eigenvalue Eigenvector®
X) (¥) (Z)

g from EPR
2.00374(2) —0.102(30) 0.991(6) ~0.092(50)
2.00331(2) 0.990(1) 0.093(20) —0.103(30)
2.00234(3) 0.093(20) 0.101(50) 0.991(6)

? from EIE
2.00375(2) -0.092(20) 0.992(9) —0.085(40)
2.00334(2) 0.979(2) 0.075(20) —0.192(20)
2.00238(2) 0.184(20) 0.101(40) 0.978(4)

A, from ENDOR (MHz)
-90.98(3) 0.0000 1.0000 0.0000
—-57.05(4) 0.0000 0.0000 1.0000
-28.51(5) 1.0000 0.0000 0.0000

A, from ENDOR (MHz): (Ref. [19])
9.66(2) 0.5225 0.7734 0.3591
3.61(2) —0.8429 0.4050 0.3541
3.18(3) 0.1284 -0.4877 0.8635

Experimental (a*b'c) system in the molecule-based XYZ system

ar 0.1219 0.0719 0.9899

b’ -0.9923 0.0311 0.1199

¢ 0.0222 0.9969 -0.0752

#The molecule-based system is defined by the hyperfine tensor as follows: X is the direction of A, Y is the direction of Ay, and Z is the

direction of Apq.
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g« = 2.00331 (vs. 2.0033), g, =2.00374 (vs. 2.0035),
g. = 2.00234 (vs. 2.0026). (The two studies have oppo-
site definitions of the z and x directions; those given are
from this study.)

Eigenvalues are listed to six significant figures in
Table 1; this reflects the overall rms deviation of the
datasets (0.00006 and 0.00005 for the EPR and EIE sets,
respectively) and the large number of data points (96
and 139 for EPR and EIE, respectively). While we be-
lieve this is an accurate indication of the overall results,
the £0.0002 uncertainty quoted above for g of the
Cr**:MgO reference unfortunately makes this sample
incapable of providing a double-check on the absolute
accuracy of the results. However, for spectrum simula-
tion applications, the relative accuracy of the eigen-
values and the accuracy of the eigenvectors are more
important since they directly affect the simulated line-
shape. For the eigenvectors, the statistical analysis in-
dicates a worst-case deviation of approximately +5°
from the directions listed. _,

A final point regarding g’ for malonic acid is that use
of the field value at the midpoint of the EPR pattern for
calculating gy is accurate only to first order in A4/Av.
However, the error at g = 2 in doing so is of the order
%(A/hv)2 [1]; for 4/h = 100 MHz and v = 24000 MHz,
this evaluates to an error of ~8.7 x 10~ which is neg-
ligible in comparison to the statistical uncertainties.

4. Results from guanine - HCI - 2H,0

Previous study has shown that X-irradiation of Gd
crystals cooled to 150K or lower leads to at least three
stabilized radical species [8]. One species was identified
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as the result of electron addition followed by proton-
ation of the parent molecule at O6 and is referred to as
the “O6-protonated anion.” Scheme 2 below shows the
N7-protonated cationic form of guanine as it exists in
Gd crystals and Scheme 3 shows the O6-protonated
anion (equivalent to O6 hydrogenation). Hyperfine
couplings in Scheme 3 are well-known from studies of
Gd and other crystals where the guanine parent is as
shown by Scheme 2 [20-22].

Fig. 3d shows an EPR pattern from Gd, Fig. 3a
shows ENDOR from the central region of the EPR, and
the remaining patterns of Fig. 3 show EIE from EN-
DOR lines as indicated. This figure illustrates several
properties of EIE. For example, patterns 3e and f are
sharp and similar enough to associate them with one

H+
H\N p ’
1 5| 7\>

H~ )%3 9 H
N N N

|
H R

Scheme 2.
H- +
H
H\N%’

N\
ho >
NN
H R
Scheme 3.

35 40 45 50
Frequency, MHz

1
55

T T T 1
8400 8450 8500 8550

Magnetic Field, Gauss

r
8350

Fig. 3. (a) ENDOR from the central peak of the second-derivative EPR shown in (d); (b) EIE from peak 5 of (a); (¢) EIE from peak 1 of (a); (d) EPR;
(e) EIE from peak 3 of (a); (f) EIE from peak 4 of (a). Patterns (b) and (c) are from one magnetically distinct site (I) while those of (e) and (f) are from
the other site (II). Line 6 of (a) is from another radical and line 2 is from a third interaction of the anion radical. These patterns were obtained with

the magnetic field ~25° from {(a) with rotation about the (011)" axis.
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magnetic site while patterns 3b and c are broader and
exhibit much lower signal-to-noise ratio, similarities
associating them with the other magnetic site. In addi-
tion, for both magnetic sites, in principle there should be
three EIE patterns: one from each of three hyperfine
couplings, to HN1, HN7, and HC8. (At the magnetic
field orientation for the spectra of Fig. 3, ENDOR lines
from one of the interactions were not clearly resolved.)
Thus, a radical with multiple hyperfine interactions
provides the opportunity for multiple g.;r measurements
at one position thereby enhancing the statistical signifi-
cance of the results. For the results reported below, all
available data were used.

Also, the EIE patterns in Fig. 3 illustrate the chal-
lenges for using EIE to extract gep values within
+0.0001, requiring measurement of B, to £0.42 G. Spe-
cifically, the sharp and symmetric patterns of 3e and f
yield peak values different by only 0.09 G following FFT
smoothing. On the other hand, the detail shown in Fig. 4
demonstrates that the patterns of Fig. 3b and ¢ are much
poorer in quality and yield peak values different by ca.
1.6 G after smoothing. Worse, the smoothed version of
pattern 3b shows clear asymmetry, a property making
the peak of the pattern no longer representative of the

8433.977

8432.367

— T — T ™
8400 8450 8500

Magnetic Field, Gauss

—
8350

Fig. 4. Detail of EIE patterns in Figs. 3b and c. (a) The lightly shaded
pattern is the same as Fig. 3b while the solid line is the result of FFT
smoothing. The arrow indicates the “peak’ and apparent “center” of
the pattern. (b) Similar representation of Fig. 3c. Note the asymmetry
apparent in (a) and the difference in peak positions.

pattern’s center. Because EIE patterns often are noisy
and asymmetric, we explored several moment-based
methods for selecting patterns of high quality for the
dataset [23]. For example, the position of the peak and
the position about which the first moment is zero will
be the same for a symmetric pattern; the difference be-
tween these is a measure of asymmetry therefore. In
addition, we considered methods other than peak mea-
surement for objectively identifying the start, end, and
midpoint of a pattern. In the end, however, for the re-
sults described here, we used exclusively the method of
measuring the peak of the FFT-smoothed pattern.

Fig. 5 shows the angular dependence of the mea-
surements and Table 2 shows the tensors derived from
the data. Also for ease of comparison, all results from
Gd are expressed in a coordinate system based on the
structure of the undamaged molecule: Z is the normal to
the least-squares plane through the ring atoms, X is
perpendicular to Z and the C4-C5 bond, and Y is per-
pendicular to both Z and X. Scheme 4 illustrates this
system. Although the scatter in the data is higher with
Gd than malonic acid (rms deviations of 0.0002 for Gd
vs. 0.00005 for the malonic acid EIE dataset), the large
number of data points (153) provided sufficient statisti-
cal averaging that the uncertainty in the eigenvalues is in
the 5th decimal place. As above, the uncertaintii%

quoted are reliable for the relative values of the g
components while the absolute values may be uncertain
to +£0.0002 subject to undetected systematic errors in
measuring the absolute magnetic field value at the
sample.

5. Summary and conclusions

N
The primary objective of measuring g of a radical is
to provide this magnetic parameter for cases where it is
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Fig. 5. Angular dependence of the g-values measured from rotation of
Gd crystals about three axes as indicated. Filled and open circles in-
dicate the actual data while the continuous curve was calculated from
the results in Table 2. In the center and right-hand panels, filled and
open circles indicate data from the two magnetically distinct sites of
the crystals. The sites are related by the direction-dependent portion of
the monoclinic symmetry transformation: (x,y,z) — (x, —y,z).
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Table 2
Results from guanine - HCI- 2H,0
Eigenvalue® Eigenvector*:
(X) (Y) (Z)
4
2.00490(2) 0.625(0) 0.780(1) 0.039(13)
2.00318(4) 0.775(1) —-0.625(1) 0.095(22)
2.00218(4) —0.094(3) 0.029(3) 0.995(23)
4 from HNI: (Ref. [8])
—-15.90(2) 0.401(2) —-0.916(20) —0.025(20)
-10.80(2) —0.002(20) —-0.028(9) —0.999(40)
—-0.60(2) 0.916(20) 0.400(40) 0.012(4)
4 from HNT: (Ref. [8])
—-12.60(2) 0.999(2) 0.032(20) —0.000(20)
—-10.60(2) 0.000(20) 0.01009) 0.999(40)
-1.10(2) 0.032(20) —0.999(40) 0.001(4)
4 from HCS: (Ref. [8])
-33.50(2) 0.078(2) —0.996(20) 0.042(20)
-23.40(2) —0.030(20) 0.040(9) 0.999(40)
—-10.00(2) —-0.997(20) —0.079(40) —-0.027(4)
Experimental (a*bc) system in the molecule-based XYZ system
(a*) 0.7453 0.5940 0.3029
(b) —-0.6030 0.4066 0.6863
() 0.2845 —0.6942 0.6612
#The molecule-based coordinate system is defined as follows: Z is normal to the least-squares plane through the ring atoms (N1, C2, ..., C8, and

N9); X is normal to Z and the C4-C5 bond; Y is normal to Z and X. Vectors for the second magnetic site are related to these by the direction-
dependent portion of the monoclinic cell symmetry transformation: (x,y,z) — (x, —y,z).
®The numbers in parentheses represent uncertainties in the last digit(s).
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Fig. 6. Powder lineshape simulations for malonic acid. (a—e) Lineshapes for the microwave frequencies indicated as follows: (i) lineshape using g and
— — —

-
A as described in Table 1; (ii) lineshape with A from Table 1 and g rotated about Z by 45° (iii) lineshape with A from Table 1 and isotropic g.



J. Kang et al. | Journal of Magnetic Resonance 165 (2003) 128-136 135

Scheme 4. Illustration of the molecule-based coordinate system used
for Gd. Z is normal to the molecular plane.

necessary to simulate the EPR spectrum, e.g., for ran-
domly oriented radicals (or “powder” samples). Fig. 6
illustrates the effect of g anisotropy with the spectrum of
a randomly oriented distribution of the *CH(COOH),
radicals. From comparison of Figs. 6a—e, it is clear that
g-anisotropy affects the lineshape to a degree increasing
with microwave frequency. Moreover, it is clear from
the patterns at higher frequencies that the lineshape is
affected in a noticeable—and quan‘uﬁable way when the

relative orientation between g g and 4 is changed. This
means that accurate lineshape analysis requlres accurate

knowledge of the relative orientation of g and A. Asan
example from Fig. 6b, ignoring the g-anisotropy at K-
band leads to the 7?-value [24] between Figs. 6b(i) an_d)
(iii) of 0.77; Figs. 6b(i) and (ii) show that rotation of g
by 45° about Z yields 72 = 0.97.

In conclusion, therefore, the malonic acid results
demonstrate that peaks in EIE patterns represent those
of the EPR spectrum well enough that g measured from
either are virtually identical. Application OL the EIE

method to Gd permitted measurement of g for the

O6-protonated anion radical in a system with multiple

radicals and multiple magnetic sites where there is very

little chance for success from EPR alone. Moreover, the

large number of data points available from the EIE
—

approach permits g measurement with uncertainty
an order of magnitude lower than usual with EPR.

=
Consequently, the EIE method is clearly valuable for g
measurement.
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