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Abstract

Low-energy (0-14 eV) resonance electron interaction and fragment species produced by
dissociative electron attachment (DEA) for enantiomeric forms of glutamic acid (Glu) are
studied under gas-phase conditions by means of DEA spectroscopy and density functional theory
calculations. Oppositely to a series of the amino acids studied earlier employing DEA technique,
the most abundant species are not associated with elimination of a hydrogen atom from the
parent molecular negative ion. Besides this less intense closed-shell [Glu — H]~ fragment, only
two mass-selected negative ions, [Glu — 19] and [Glu — 76]", are detected within the same
electron energy region with the yield maximum observed at around 0.9 eV. This value matches
well the energy of vertical electron attachment into the lowest normally empty =* COOH
molecular orbital of Glu located at 0.88 eV according to the present B3LYP/6-31G(d)
calculations. Although the detection of asymmetric DEA properties a priori is not accessible
under the present experimental conditions, a “chirality non-conservation” can be associated with
some decay channels. Evidently, the measured spectra for the L- and D-forms are found to be
identical, the results, nevertheless, being of interest for the forthcoming experiments utilizing
spin-polarized electron beam as a chiral factor in the framework of conventional DEA technique.
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I. Introduction

Single amino acid molecules represent the elementary building blocks of peptides and
proteins which, in turn, can be considered as basic structures of all living organisms on Earth.
Electronic properties of individual amino acid molecules are of importance to understand the
elementary electron-driven reactions initiated by low-energy (0-14 eV) resonance electron
scattering via a process known as dissociative electron attachment (DEA) [1-5]. In fact, DEA is
associated with indirect DNA damage caused by the formation of temporary negative ion (TNI)
states of various DNA components (base, phosphate, deoxyribose) with the secondary electrons
[6-8]. These low-energy (<20 eV) electrons originate in living tissues as a result of exposure to
high-energy (millions electronvolts) radiation [9], and are responsible for generation of DNA
single- and double-strand breaks as well as for loss of supercoiled DNA [10]. It is to be noted
that despite many others, as a rule extremely complex, biological processes, the underlying
reactions of the low-energy secondary electrons in biological tissues have been understood on
the molecular level owing to detailed DEA studies of biorelevant molecular structures [11-13].

The analogous mechanism can reasonably be linked with radiative damages in another
class of important biomolecules — peptides and proteins [14], where the processes of formation
and decay of TNI states of individual amino acid molecules are expected to play a vital role [15-
17]. Therefore, studies of electron-triggered reactions, particularly DEA, for amino acids are
necessary to understand the whole picture of the radiative effects produced by high-energy
particles in the cells of living organisms. Due to high reactivity of the secondary slow electrons,
their interaction with amino acids in living tissues through the resonance processes can also
dramatically influence the most crucial metabolic pathways within the organism. In fact, these
pathways involve amino acids as principal metabolic products [18,19] and their disruption, in
turn, can be linked with many pathological conditions [20]. Additionally, the results of DEA
studies for amino acids can be of importance in many applied fields linked with (i) radiative
protection on the facilities with increased risk like nuclear power stations and spacecraft under
manned long-term missions [21,22], (ii) radiative exposure under conditions of radiosensitization
and radiation therapy [23,24].

Nuclear proteins like histones being in close contact with DNA are involved in the DNA
packaging and replication providing also the protection from tangling and other damages.
Therefore, there exists an obvious interplay between DNA, microsomal proteins and possible
active radical species produced by the secondary low-energy electrons. In fact, the protective
role of amino acids has been recently demonstrated under electron attachment to DNA when the
amino acid molecule (i) acts as a physical shield preventing interaction of the nucleobase with

incoming electron and (ii) stabilizes the nucleobase TNI state thus suppressing rupture of the



sugar-phosphate bond [25]. The protective activity has been also ascribed to ability of the amino
acids to thermalize electrons [17]. Much lower DNA damages have been reported using a
fluorescence method in case of formation of the complex of oligonucleotides with a single-
strand-binding protein [26], whereas protection of the DNA tetramer by glycine and arginine
against DEA damage have been found to be concentration dependent [27]. In this context
substituted amino acids and simple peptides can serve as model systems to understand the
mechanisms of resonance electron interaction with proteins via the simplest processes linked
with the cleavage of peptide bonds and disulfide bridges [28], the latter being found much more
sensitive to slow electron attack [14]. Accordingly, DEA-studies have been reported for N-acetyl
derivatives of tryptophan and glycine [29,30] as well as for N-methyl derivatives of glycine and
alanine [31] to demonstrate the effective TNI decays at sub-excitation energies. A variety of the
DEA-associated bond cleavage reactions has been also demonstrated for di- and tripeptides
assembled from various combinations of the simplest amino acids, glycine and alanine [32-38].

Turning back to individual molecules, vertical electron attachment energies to form low-
lying TNI states in a series of amino acids (glycine, alanine, phenylalanine, tryptophan, proline)
have been measured [39] using electron transmission spectroscopy (ETS) [40-42] with a general
observation of electron attachment into the normally empty ©* molecular orbital (MO) of COOH
group. This MO can be solely detected in ETS for glycine and alanine at vertical attachment
energies (VAEs) 1.93 and 1.80 eV, respectively, close to that (1.73 eV) detected in the reference
formic acid, HCOOH [39]. Peak maxima detected in the total DEA cross-section (1.25 and 1.27
eV for glycine and alanine, respectively) are considerably (0.68 and 0.53 eV, respectively)
shifted from the positions of corresponding experimental VAEs, i.e., peak maxima detected in
the total electron scattering cross-section. On this basis the dominant DEA channel at low
electron energies has been attributed [43] to electron attachment into the normally empty * MO
associated with the OH bond, the conclusion being supported later using resonant R-matrix
theory calculations [44]. The most abundant DEA signal in the low-energy range (1.2-1.3 eV) is
associated with formation of the closed-shell fragment negative ions [M — H], i.e., the parent
molecular negative ion minis a hydrogen atom (M = target molecule), as demonstrated by many
DEA-studies for glycine [45-49], alanine [45,46,51,51], valine [46,52-54], and leucine [55,56].
Absolute DEA cross-section has been reported for glycine and alanine to be an order of 107
cm? in mass-selected studies [45,48,50] and 107° cm? in the total negative ion yield
measurements [43].

Glutamic acid (Glu, structure is reported in Fig.1), an aliphatic non-essential dibasic
amino acid and a key metabolic compound, is not only included in protein synthesis of almost all

living organisms on Earth, but also serves as the most abundant neurotransmitter and possesses a



variety of pharmacological activities [57-59]. Like many others amino acids, Glu is optically
active compound: the molecule has one asymmetric carbon atom at position 2 (see Fig.1) that
gives rise to two enantiomeric forms, the L-form being widely occurring in Nature. Evidently,
chiral properties of Glu enantiomers are essential to understand the biochemical processes they
involved in. Glu molecule is sufficiently different from the amino acids studied earlier by DEA
technique due to presence of two COOH groups which, in turn, is associated with the most
abundant DEA processes [45-56]. To the best of our knowledge, the investigations of electron
interaction with Glu, likely, in its racemic mixture, are only limited to electron impact studies
employing mass spectrometry to detect the positive ions [60,61]. Dissociative ionization of
structurally close glutamine has been also studied under gas-phase conditions [61]. It should be
noted that glutamine has been recently recognized as a key player in human metabolism also
serving as a marker of many dangerous diseases by means of hyperpolarized magnetic resonance
method [62].

L-Cilutamic acid DGt acid

Fig.1. Molecular structures and atom labeling for enantiomeric forms of glutamic acid.

The present study reports DEA properties for enantiomeric forms of Glu that also
concerns another important aspect which, however, a priori is not expected to be disclosed under
the present experimental conditions. This is linked with detection of the differences between
resonance electron scattering of the mirror conformers of chiral target molecules. Obviously, the
only chiral factor that can make DEA spectroscopy sensitive to distinguish between optically
active isomers is the asymmetric incident electron beam, which originates from the spin-
polarized electron source [63]. Detection of asymmetry in the electron current transmitted
through the camphor vapor has been found to produce somewhat contradicting results [64-66].
Halogenated camphor molecules have been used as chiral target irradiated by the polarized
electron beam originated from GaAs-photocathode in the attempts to examine the Vester-
Ulbricht hypothesis [67-69]. A small asymmetry of an order 10 in the total DEA cross-section
has been reported to be most pronounces in case of the iodine derivative [68]. Since amino acids
are suspected to play a vital role in the prebiotic synthesis [70,71], DEA studies of their
enantiomers should be more attractive in the context of Vester-Ulbricht hypothesis that
additionally motivates the present work. Indeed, selective decomposition of D-enantiomers

should indicate that the L-form can be involved in asymmetrical synthesis of chirally clean



biological molecular assemblies, the conclusion being of importance to disclose one of the most
intriguing puzzles of Universe — chiral asymmetry of life [72-74].

The present paper is aimed to show that DEA spectroscopy in its conventional scheme,
i.e., without spin-polarized electron beam, is not able to distinguish between optically active
isomers. Indeed, the present results testify for the similarity of (rather simple as shown below)
DEA spectra for Glu enantiomers. Due to a variety of the dissociative channels of L- and D-
tryptophan detected using the same experimental apparatus [75], the similarity of DEA spectra
has been only tentatively concluded. Peak position for the [M — H]~ formation by DEA to L- and
D-alanine has been reported as 1.27 eV (at electron energy resolution 0.12 eV) [50] and 1.20 £
0.030 eV [45], respectively, using different experimental apparatus, but can be considered equal

within the error bars.

I1. Experimental and Computational Procedures
A. DEA studies in vacuo

A general overview of DEA spectroscopy may be found elsewhere [1-5] including a
schematic representation and description of specific conditions [76,77]. Briefly, a magnetically
collimated electron beam of defined energy was passed through a collision cell containing a
vapor of the substance under investigation, under single-collision conditions. A current of
magnetically mass-selected negative ions was recorded as a function of the incident electron
energy in the 0-14 eV energy range. The electron energy scale was calibrated with the SFe
signal at zero energy, generated by attachment of thermal electrons to SFe. The full width at half
maximum of the electron energy distribution was 0.4 eV, and the accuracy of the measured peak

positions was estimated to be £0.1 eV.

B. Thermal evaporation of Glu

The substances under investigation (L- and D-Glu enantiomers, Sigma-Aldrich #G1251
and G1001, respectively) were evaporated at 125 °C, that is, just below the reported melting
points (around 200 °C stated by the manufacture). The walls of the collision cell were kept at 135
OC to prevent condensation. Since organic acids, in particular, amino acids may undergo thermal
decomposition under their evaporation into vacuum, preparation of the molecular beam
containing the intact target molecules must be carefully controlled. Melting properties of twenty
amino acids have been recently measured using fast scanning calorimetry that allows to escape
their decomposition upon slow heating. The reported values for the simplest amino acids are
much higher that 200 °C, namely, 296 °C (glycine), 335 °C (alanine), 256 °C (valine), and 293 °C



(Glu) [78]. However, the amino acids tend to decompose before they melt, that may appear much
below 200 °C under their evaporation into vacuum.

In particular, thermally stimulated degradation of COOH group may lead to elimination
of CO2 molecules from the amino acids [79]. Accordingly, the characteristic spectral feature at
3.57 eV can serve as marker of this undesirable process under conditions of ETS experiments as
demonstrated in case of thermal destruction of cysteine at 136 °C [39] (melting point 331 °C
[78]). Under DEA experiments, the m/z = 16 signal can clearly indicate the presence of CO2
decomposition product since the current of O~ formed by DEA to CO2 possesses the
characteristic shape: two pronounced peaks located at 4.4 and 8.2 eV [80]. But neither in DEA
study of cysteine (evaporation at 117 °C) [81] nor under the present experimental conditions with
Glu evaporation up to 160 °C, the signature of O~ signal due to the CO2 degradation product has
not been detected.

Another decomposition pathway of the amino acids may be associated with thermally
induced H20 elimination as reported in DEA study of glycine by detection of the characteristic
sharp H20 electronic bands at the energy losses in the range 10-12 eV [45] under the
evaporation temperatures above 170 °C. Thermal decomposition of Glu via H20 elimination
producing pyroglutamic acid (molecular weight 129 a.u.) has been detected in the positive ion
mass spectrum under evaporation at 137 °C [60,61]. This finding is in agreement with the present
observation of rapid rising of the m/z = 128 signal (non-proportional to the others) which can be
associated with formation of [M — H]™ by DEA to pyroglutamic acid that indicates the onset of
Glu thermal destruction at evaporation temperatures above 140 °C. This process accompanied by
melting and caramelization of the sample powder in the direct inlet probe of our experimental
apparatus was not detected at above-stated evaporation temperature 125 °C. Therefore, it can be
assumed that thermal decomposition of Glu enantiomers is negligible under the present
experimental conditions. It is also to be noted that Glu DEA signals were very weak. therefore,
the evaporation temperature was set to a maximal possible value to escape the decomposition but

to detect the signals.

C. In silico methods

Density functional theory calculations were performed with the Gaussian 09 set of
programs [82]. Evaluation of the virtual orbital energies (VOESs) of the neutral molecule was
performed using the B3LYP hybrid functional with the minimal 6-31G(d) basis set, which does
not contain diffuse functions. The adiabatic electron affinity was obtained as the energy
difference between the neutral and the lowest anion state, each in its optimized geometry, using

the standard 6-31+G(d) basis set. Regardless of particular difficulties encountered for the



description of anionic states [83], it has been demonstrated [42,84,85] that good linear
correlations can be obtained between VAEs measured in ETS and the corresponding VOEs of
the neutral molecules calculated with basis sets which do not include diffuse functions. The
scaling parameters are different for o* and ©* MOs and a more accurate correlation would result
if “training” compounds were employed that were structurally closer to the subject molecule.
The o* scaled VOEs evaluated with this procedure are generally less reliable than the n* scaled
VOEs, due to the smaller number of experimental data available for the calibration. In the
present study, the linear equation VAE = 0.8065xVOE + 0.9194, derived for the n* MOs of
alternating phenyl and ethynyl groups [86] was employed to predict VAESs on base of the
B3LYP/6-31G(d) n* VOEs. Certainly, the present calculations do not account for very small
differences between the enantiomeric forms, thus, the results reported below are not

distinguished for both Glu enantiomers.

[11. Results and Discussion
A. Fragment species produced by DEA to gas-phase Glu

Oppositely to a series of the amino acids studied earlier [45-56], all the negative ion
signals formed by DEA to Glu are observed in one electron energy region around 0.9 eV, and the
[Glu — H] (m/z = 146) is less intense decay as presented in Fig.2 for both L- and D-Glu forms.
The results for two enantiomers are found to be identical. According to the present B3LYP/6-
31+G(d) calculations of thermodynamic energy thresholds (reported in Table 1), H-atom
elimination from the OH group attached to C-atom in position 5 (see Fig.1) provides the most
energy benefit and is additionally consistent with localization properties of both the lowest 7*
LUMO and the lowest 6* OH LUMO+3 molecular orbitals associated with the [Glu — H]™ peak
(see Section I11.B). However, the threshold for H-atom elimination from the other COOH group
(attached to C-atom at position 1) does not contradict (on energetic grounds) with observation of
the [Glu — H]  signal at 0.9 eV. Therefore, both processes leading to generation of the [Glu — H]~
fragment by DEA to Glu can be experimentally accessible, the calculated values of Gibbs free
energies reported in the last column of Table 1 being in agreement with this conclusion. When
H-atom is initially abstracted from the amino group, the nearest COOH group (position 1)
donates its H-atom to the NH site that leads to the same [Glu — H] final structure (thus not
presented in Table 1) and, in turn, to the same threshold (0.65 eV) according to the present

calculations.

The most intense DEA signal is ascribed to formation of the [Glu — 19]" (m/z = 128)
fragment that can be associated with elimination of either OH group and two H-atoms or NH2



group and three H-atoms from the parent molecular negative ion. On energetic grounds, the
former process can appear provided that the incoming electron brings more than 4 eV even in
case of formation of the most stable neutral counterpart (H20 molecule plus H-atom as compared
with Hz2 molecule plus *OH radical) as shown in Table 1, therefore, cannot be accounted for the
signal observed at 0.9 eV. However, cyclization accompanied by the H-atom migration in the
[Glu — OH — 2H] fragment to generate the dehydrogenated pyroglutamic acid negative ion
lowers the threshold to 1 eV (ZPE-corrected value in Table 1) that, however, is less likely by the
Kinetic reasons. The most energy benefit is expected when the [Glu — 19] fragment is formed by
elimination of the NH2 and three H-atoms, so that ammonia plus diatomic hydrogen molecules
are generated as a neutral counterpart that considerably stabilizes the final products.
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Fig.2. Mass-selected signals of the negative ions generated by DEA to Glu enantiomers.

Provided that the latter fragmentation pathway is accounted for generation of the [Glu —
19] fragment, this process can serve as a model of the N-C, bond cleavage in proteins as
highlighted elsewhere [46]. In this context it should be noted that this decay in Glu is observed,
and is possible on energetic grounds, at much lower incident electron energy (0.9 eV) as
compared with all other amino acids. Indeed, the lowest maximum of the [M — 19]~ signal peaks
at around 5.5-6 eV in glycine, alanine, valine and leucine [46-48,50,53]. On basis of accurate
mass measurements this signal has been assigned to sequential elimination of H-atom and H20
molecule from the parent molecular negative ion, the reaction thus being accompanied by the
complex rearrangements energetically permitted in the 5.5-6-eV energy range. On basis of the
present calculations (see Table 1) alternative decay scheme for the formation of [Glu — 19] at
0.9 eV should be suggested. Namely, the most energetically and kinetically efficient process is
associated with elimination of ammonia and diatomic hydrogen that can occur without complex

rearrangements of the molecular frame as schematically shown in Fig.3. It is to be noted that
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approaching of the H-atom and amino group (to form NHs) as well as two H-atoms (to form H2)
to each other can be stimulated by the excitation of Glu normal modes #9 and #18 as

schematically shown in Fig.3.
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Fig.3. Likely pathway for the elimination of NH3z and H, from the parent molecular negative ion;
schematic representation of corresponding B3LYP/6-31+G(d) normal vibrations and their frequencies.

Table 1. B3LYP/6-31+G(d) total energies relative to the ground state neutral molecules. The values in
parentheses are ZPE (zero-point vibrational energies)-corrected. Gibbs free reaction energies are reported
at 408K. All values are in eV.

M/z Fragment structures ® Chirality Relative Free reaction
Anion Neutral conservation energy energy
147 M- (adiabatic) 0.32 (0.20)
0,433
4 : >3 - ’
)
146 [M—-HOT ° He Yes 1.02 (0.65) 0.24
' 2P
2399 g
® . @
146 [M-—HEO)] H* Yes 0.65 (0.30) -0.03
o 4
\ ’ .
oy ‘99
® .9 .
128 [M — OH(5) —.2H(3,4)]* H,O + H* Yes 4.75 (4.10) 3.09
4
S _9
* P H, + *OH Yes 5.12 (4.40) 3.39
2 .
4
128 [M - OH(5) - 2H(3,4)]" H,O + H* Yes 1.54 (1.00) 0.13
cyclic
4
2,099
\> P'S ,.
]
128 [M—NH;-3H(1,3,4)] NH; + H; No 0.27 (-0.36) -1.42
J 4
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. e
71 C(HiNCOO— CH3;CH,COOH + H; No 0.61 (-0.03) -1.27
4‘ g
J
71 CNHC’OO* CH3;CH,COOH + H> No 1.10 (0.49) -0.70
g
9

Note: @ Chiral structures are reported for L-Glutamic acid.



Observation of the m/z = 71 fragment negative ion can be reasonably associated with
elimination of two closed-shell neutral molecules, propionic acid and diatomic hydrogen, from
the parent molecular negative ion, the threshold for the formation of the C(H)NCOO~ structure
being even negative as reported in Table 1. It should be mentioned that the cleavage of any bond
associated with the asymmetrical carbon atom (position 2) leads to loss of the chirality in the
DEA-products (as indicated in the last three rows of Table 1). This can be likely associated with
“chirality non-conservation” or “mirror symmetry breaking” by DEA that, in turn, is linked with
helicity conservation [87-89], but no corresponding “selection rule” can be concluded from the

present experimental data.

B. Predicted VAEs and assignment of the TNI states

The presence of two COOH groups in dibasic Glu molecule is associated with two low-
lying normally empty n* MOs which localization properties are schematically reported in Fig.4
along with predicted VAEs to form the TNI states via shape resonance mechanism [1-5]. And
again, oppositely to almost all amino acids studied earlier [45-56], the maximum of the DEA
cross-section for formation of the [Glu — H]™ (0.9 eV) matches well the predicted position of the
lowest n1* VAE (0.88 eV), i.e., is not shifted to the lower energies by 0.4-0.7 eV as discussed
earlier [43]. This likely indicates that the initial electron attachment into the w:* MO is followed
by distortions that couple w1* to an antibonding o* MO associated with the OH bond (also
schematically represented in Fig.4) that, in turn, allows the H-atom elimination. This mechanism
is analogous to that suggested earlier in case of DEA to DNA bases (thymine, cytosine, adenine),
where production of [M — H]™ has been observed within experimental error at the energies of the
n* VAES as discussed elsewhere [44]. Localization properties of the lowest n* COOH LUMO
and o* OH LUMO+3 (see Fig.4) on the same carboxylic group are in line with this coupling
mechanism. Because of the absence of experimental ETS results for c* resonances to form a
scaling equation, predicted VAEs for o* MOs are less reliable than that for n* states [43,90].
Nevertheless, using the same ©t* scaling, position of the o* OH resonance in Glu is predicted to
lie at 2.44 eV, or at 3.14 eV with a scaling obtained for the o* (C-Cl) MOs of 13 chloroalkanes
[91]. These values are in agreement with the rough estimate reported for a model compound
HCOOH as 2.59 and 2.90 eV [43], respectively. Unfortunately, low electron energy resolution of
the present experiment as well as very low intensities of the DEA signals are not sufficient to
distinguish neither a vertical onset nor vibrational fine structures in the [Glu — H] ™ signal to

support this assignment.
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Finally, not only the dominant [M — H]™ decay, but also some weak characteristic DEA
signals have been observed for the amino acids [45-56] at relatively low incident electron
energies, around the position of the 7* COOH resonance. Indeed, the fragment negative ions [M
—17] and [M — 16] have been detected in the range 1.5-1.9 eV, i.e., on the right wing of the
most intense [M — H] signal in glycine, alanine, valine and leucine [46,47,50,52,53,55]. It can
provide some additional confidence that the most intense m/z = 128 fragment observed in low
energy resonance (0.9 eV) originates from DEA to Glu, but not linked with thermal

decomposition of the target molecules.
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Fig.4. Schematic representation and predicted energies of electron attachment into the lowest two ©*
COOH and o* OH normally empty MOs from B3LYP/6-31G(d) calculations of Glu enantiomers.

IV. Conclusions

Low-energy (0-14 eV) electron interaction with enantiomeric forms of glutamic acid is
studied by mean of DEA spectroscopy under gas-phase conditions. Density functional theory
calculations are employed to assign the experimental findings. The main conclusions are as
follows:

1. DEA to Glu produces only three decay channels observed in a single resonance peak at
around 0.9 eV, which are [Glu — 76] (m/z = 71), [Glu — 19] (m/z = 128) and [Glu — H]- (m/z =
146), the latter being less intense under the present experimental conditions.

2. The most intense DEA signal is associated with formation of the [Glu — 19] fragment
species that can be ascribed by the elimination of NH2 group and three H-atoms from the parent
molecular negative ion to form ammonia plus diatomic hydrogen as a neutral counterpart.
However, despite its lower probability by kinetic grounds, the alternative pathway, namely,
elimination of H20 and H-atom accompanied by complex atom rearrangement to form the m/z =

128 cyclic structure, cannot be completely ruled out.



3. DEA cross-section for [Glu — H]™ formation peaks at 0.9 eV, therefore, matches well
position of the lowest 7* COOH resonance predicted to lie at 0.88 eV that can testify for direct
electron attachment into the * LUMO state followed by its coupling to an antibonding o* OH
resonance.

4. As a priory suggested, DEA spectra obtained for the Glu enantiomeric forms are found
to be identical, that is evident but important conclusion in the context of the DEA experiments
with spin-polarized electron beam.

5. Provided that any bond associated with asymmetrical carbon atom is cleaved, chirality
initially presented in the target molecule disappears in the products that can be considered as
DEA-stimulated “chirality non-conservation”.

Finally, spin-polarized electron beam must be employed in conventional DEA experiment
as a chiral factor to distinguish between DEA properties of optically active isomers and to study
chiral-induced spin selectivity effects. The forthcoming experiments are under consideration to
utilize both the recently suggested multi-alkali photocathode [92] as a source of low-energy spin-
polarized electrons and the semiconductor heterostructure-based spin-detector [93-95] to

estimate the electron beam polarization.
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