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ABSTRACT 

Ionization electrons deposited by soft X-rays in a low pressure (10 Torr) gas medium 

are efficiently counted by a multistage electron multiplier, providing an accurate measure

ment of the X-ray photon energy. Energy resolutions of 56 - 28% FWHM were measured 

for X-rays of 110-676 eV, recording electrical induced charges or visible photons emitted 

during the avalanche process. It is demonstrated that a combined analysis of the number 

of electrons and the electron trail length of an event, provides a powerful and competitive 

way of resolving ultra soft X-rays. We present the experimental technique, discuss the 

advantages and limitations of the Primary Electron Counter, and suggest ways to improve 

its performances. 
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1 Introduction 

Recent progress in gaseous single electron detection devices [1, 2] has led to an 

important application in the field of sub fceV X-ray spectroscopy. It is based on the 

counting of primary electrons deposited by the X-ray photon in a low density gas. The 

number of electrons, efficiently collected, multiplied and counted by means of a low-

pressure multistage electron multiplier, provides a good measure of the photon energy in 

the sub keV range. 

High resolution, efficient, large area soft X-ray detectors are required in many fields, 

such as material science, X-ray astronomy, atomic physics and plasma physics. In material 

surface analysis with electron microprobes, in parallel to the conventional surface image, 

one detects characteristic X-rays emitted from the sample, allowing for a correlation of 

its topography with the chemical composition. Of particular interest is the range of 0.1-1 

keV, corresponding to characteristic X-rays of light elements. 

Though solid state photon detectors offer considerable advantages, mostly in detection 

efficiency and energy resolution of energetic X-rays, gaseous detectors remain an important 

alternative in the soft X-ray energy range. 

Some methods based on gaseous detectors operating at atmospheric pressure were 

proposed, such as Gas Scintillation Proportional counters (GSPC) (3, 4, 5], or electron 

counting detectors [6]. In most applications ultra soft X-rays are produced in vacuum 

and both detector types have the disadvantage of employing rather thick window foils 

to decouple the gas volume from the vacuum vessel. This causes a serious problem of 

transmission and therefore loss of detection efficiency. Furthermore, since most photons 

are converted at the vicinity of the entrance foil, the phenomenon of back scattering of 

primary electrons into the foil deteriorates the energy resolution [7]. 
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Detectors operating at low gas pressure seem to provide a natural solution to ultra soft 

X-ray spectroscopy. We have already reported on the use of a low-pressure multistage 

electron multiplier operating in a proportional mode [8], X-rays were converted and 

multiplied in a 10 Torr Argon/CjHe (20:80) gas mixture after crossing a 100 ^g/cm2 

thick polypropylene window. An energy resolution of 58% FWHM was recorded with 277 

eV C-K X-rays. Though the performance is inferior to that of a GSPC, having typically 

36% FWHM at this energy [3], the method is simple and provides a time resolution of a 

few tens of ns, depending on the detector depth [8]. 

A better technique proposed by us a few years ago, is based on counting of primary 

electrons deposited by the absorbed photon quanta in a low-pressure gas mixture [1, 2, yj. 

The induced primary electrons are separated by diffusion in a low electric drift field and 

are individually amplified in a high gain multistage electron multiplier. The signals are 

recorded by reading the fast component of the avalanche induced charge or the light 

emitted during the electron avalanche process. In this mode of operation, the contribution 

of the statistical fluctuations of electron multiplication or of light emission is eliminated, 

and an improved energy resolution, approaching the physical limit given by Fano statistics, 

is expected: a — (F • n)0,5, where n is the average number of primary electrons deposited 

by the X-ray photon and F is the Fano factor. The idea is discussed in some detail in 

ref. [1]. A similar idea was proposed in a parallel work by the author of ref. [10]. 

In the present article we discuss in detail the processes involved in the Primary Electron 

Counting (PEC) method, using a Monte-Carlo simulation, and present the efficiency, 

resolution and linearity of the detector for the photons in the energy range of 110-676 

eV. 
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2 The single electron counter 

A schematic view of the PEC detector is shown in fig.l. It is composed of two parts: 

a 200 mm long conversion and drift region and a multistage amplification element. The 

active area of the detector is w 50 cm2. 

X-ray photons induced by 244Cm Q-particles hitting various target materials, enter 

the detector through a thin polypropylene window (ss 75/Jg/cm2) and are absorbed in the 

conversion region. The primary electrons created, of which the number is proportional 

to the X-ray energy, slowly drift towards the amplification element. A low drift field is 

maintained along the conversion volume by two parallel meshes and equally spaced metal 

rings, connected to a resistor chain. Diffusion in the gas causes the initial electron cloud 

to open up during the drift process. Hence, electrons arrive at the amplification element 

at different times, and are individually multiplied and counted. The electron multiplier 

has four equally spaced (3.2 mm) meshes. This configuration allowed us to operate the 

detector either in a double stage multiplication mode, with a transfer region between the 

two multiplication gaps, or in a 3-stage amplification mode, which resulted in a decrease of 

the electron signal's width. The data presented in this article refer to a detector operated 

in 3-stage mode, with a pressure regulated gas flow of Argon/C2H6 (33:67), at a pressure 

of 10 Torr. The gas purity is 99.95%. 

The detector was operated with the following transport parameters: a drift velocity of 

1.5 cm//*s and a longitudinal diffusion coefficient of 0.47 cm0,5. Typically, the following 

reduced electric field (E/p) values were applied in the conversion volume, first, second and 

third amplification gap, respectively: Ec(m„=0.065, Eampl=92, Eamp2=154 and E„mp3=73 

V/ cm-Torr. The width of the current pulse was 25 ns FWHM. The transfer efficiency 

of X-rays in the polypropylene window foil (ref. [11]) is shown in fig.2 together with the 
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attenuation length (ref. [12]) of the gas and the X-ray absorption efficiency of the present 

detector. 

As shown in fig. 1, two independent readout methods were applied. The first is an 

electronic readout of the fast electron charge component, using a current amplifier. With 

our present amplifiers, reading the whole electrode surface, this method requires an oper

ation at relatively high charge gain, G >106. The second method consists on the optical 

recording of the light flash emitted during the avalanche process by a photomultiplier 

tube. The large photon yield emitted by electron avalanches in some gases [13, 14] may 

indeed enable the operation of the detector at a considerably lower gain, with efficien-

t and fast light recording systems. However, our previous results indicated that severe 

problems of over counting occur in some gases due to long fluorescence decay times, or 

delayed photon emission. In the present work, pursuing our preliminary investigations of 

optical recording of primary ionization electron avalanches [2, 15], we studied the detector 

response with both techniques in parallel. For this purpose, we used a fast (2 ns rise time) 

Hamamatsu H1949 photomultiplier having a 40 mm in diameter glass window, positioned 

at a distance of 7 mm from the last amplification electrode, against the quartz window of 

the detector vessel. Most photomultipliers usually suffer from parasitic electrons emitted 

from the photomultiplier's photocathode. Two mechanisms are known to be responsible 

for this effect: a. photons emitted from the phot ̂ multiplier anode reach the photocathode 

and initiate new pulses on a time scale characterized by the photomultiplier's transit time 

(tens of ns); and b. residual gas atoms which are ionized between the photocathode and 

the first dynode by electrons, hit the photocathode and initiate new electrons on a time 

scale of hundreds of ns. As we operate the photomultiplier in a single electron counting 

mode, the parasitic signals cause a serious over counting problem. Therefore, special care 

was taken to select the most suitable tube, having in our case an afterpulse yield below 
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1% (at a tube gain of » 106). 

The fast avalanche-induced electrical and optical pulses were simultaneously recorded 

by a Tektronix 2440 digitizer at a sampling rate of 100 Ms/sec. The digitizer signals were 

stored and processed by a 386 PC. The primary electron pulses were automatically recog

nized and counted using an off-line correlation method, described in detail in references 

[16, 1]. 

3 Monte-Carlo simulation 

The large number of statistical processes involved in the detection of an X-ray in 

our detector, necessitated the development of a Monte-Carlo simulation program , which 

takes into account primary electron creation, transport, multiplication and counting. The 

program involves the following: X-ray absorption cross section, primary ionization statis

tics, electron drift velocity and diffusion, electron losses in the drift volume, amplification 

statistics, avalanche-induced pulse shape and correlation analysis parameters. 

The simulation program was used for defining the detector parameters such as the ge

ometry and the electric field in the drift volume. In addition, it was proven to be a unique 

tool for the extraction of otherwise unknown parameters such as the Fano factor, F, and 

the mean ionization energy, Wi, of the detector gas. These parameters and their energy 

dependence are obtained by analyzing the degree of agreement between the experimental 

and the simulated distributions of the number of counted X-ray induced electrons. 

The simulation procedure is as following: 

• The absorption depth of each photon is generated from an exponential distribution, 

with a proper energy dependent attenuation coefficient. The data is taken from 

ref. [12]. 
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• A number of primary electrons is randomly generated from a Gaussian distribution, 

with an average number n = E^/Wi and a width a = (F • h)os. Ey is the X-ray 

photon energy. W, and F are free parameters in the simulation procedure. 

• The arrival time of each electron at the amplification element, after drifting in the 

conversion region, is randomly generated using the drift velocity and the longitudinal 

diffusion, measured in the course of this work by a method described elsewhere [17]. 

• An electron pulse-trail is generated: The amplitude of each electron pulse is gen

erated out of an experimental single electron pulse height distribution measured in 

the course of this work. The shape of individual electron pulses is derived from our 

experimental data. A random noise, similar to the experimental one, is also added 

to the pulse-trail. The pulse-trail data are stored in digital form, identical to that 

of the experimental data. 

t Finally, the peaks in each simulated pulse-trail are recognized and counted by the 

same correlation technique as applied to the experimental data. 

A typical example of simulated 677 eV X-ray induced electron trail is shown in fig.3. 

4 Detector performance 

a-induced characteristic X-rays of Beryllium (110 eV), Boron (185 eV), Carbon (277 

eV), Oxygen (523 eV) and Fluorine (676 eV) were measured. 

A typical Fluorine event is shown in fig.4, where (a) is the electronic track, and (b,c) 

are the corresponding optical track and its correlated spectrum. The improved signal-to-

noise ratio is evident in the optically recorded event. 

Each X-ray photon absorbed in the conversion volume, creates a primary electron 
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cloud with a typical size of a few hundred fim. The electron cloud expands by diffusion 

to allow an efficient individual electron counting, leading to good energy resolution. The 

parameters which influence the electron counting efficiency are: the signal-to-noise ratio, 

the single electron pulse width (P), the average number (ft) of electrons created and the 

average trail length (i). In a previous work [2], we have shown that both the counting 

efficiency and the energy resolution are linearly dependent on the average pulse density, 

n/Pl. Since the separation of the primary electrons is obtained by diffusion, it is clear 

that the counting efficiency and the energy resolution improve with the decrease of the 

X-ray photon attenuation length. Therefore, a better resolution is expected for the softer 

X-ray photons; at photon energies above S3 500 eV the attenuation length is already quite 

large, and the electron separation becomes poorer, thus affecting the energy resolution. 

This effect is apparent in a scatter plot of the number of counted electrons as a 

function of the electron trail length. Such plots of experimental and simulated Beryllium, 

Carbon and Fluorine X-ray induced events are shown in fig.5. The correlation between the 

decrease in the number of counted electrons and the s.ze of the pulse-trail lengths, can be 

clearly observed. Fluorine X-ray photons have an attenuation length of 7.5 cm. Therefore, 

photons which are absorbed far away from the entrance window, induce primary electron 

clouds which do not sufficiently expand by diffusion and appear as a tail of short tracks, 

extending down to the axis origin. This phenomenon is less apparent in the case of 

Beryllium and Carbon photons due to their smaller attenuation length (1.9 and 2.7 cm, 

respectively). 

Using this form of data presentation, cosmic background events are easily identified 

and discarded, since their extended interaction with the gas molecules induces long elec

tron trails. This can be seen in fig.5a as a spread cluster around a pulse-trail length of 

7fis. (Due to the finite size of the digitizer memory buffer, of 10 //s, most of the trails are 
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cut at 7 lis.) 

The good agreement between the experimental and simulated scatter plots, over the 

whole relevant energy range, confirms the correct choice of our simulation input param

eters. The number of Fluorine events in the tail of the experimental scatter plot exceeds 

the value expected from the simulation. This may be explain by field penetration from the 

amplification element into the conversion volume, particularly modifying electron pulse 

trails induced by Fluorine photons absorbed deep in the conversion volume. Such field 

penetration was not included in the present simulation. 

The scatter plot provides a good framework for introducing various cuts on the data 

in order to improve the detector energy resolution. As is obvious fr:>m fig.5, a simple 

projection of the data on the vertical axis (number of counted electrons) will result in 

overlapped and poorly resolved distributions, particularly of the more energetic photons. 

A projection of a selected part of the data (indicated in fig.5) results in the distributions 

shown in fig.6. This cut involves a loss of part of the data (14% in the shown example). 

However, it should be stressed that the selected projection window does not prevent us 

from having a correct normalization for a given photon line intensity, since the fraction 

of rejected events at each energy is known with good accuracy, both from experimental 

and from simulated data. 

Fig.7 presents the experimental energy dependence of n. The deviation from a s-

traight line, added to guide the eye, emphasizes the counting inefficiency of the present 

detector for a large number of electrons induced at higher photon energies, due to pulse 

overlapping (1, 2]. 

Fig.8 shows the distributions of the number of counted electrons for all characteristic 

X-rays measured in the energy range of 110-676 eV, electrically (a) and optically (b). 

The Beryllium, Boron, Oxygen and Fluorine lines were obtained after substraction of 
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Carbon events. A threshold on the pulse-trail length was imposed on the experimental 

data, causing a rejection of about 20% of the shortest trail events. The energy resolution 

and h values are summarized in table 1. It should be noticed, that the large errors of the 

Boron energy resolution and n are due to the large overlapping with the Carbon line. In 

general, optically recorded signals resulted in a 10% increase in distribution width. 

Our results are competitive with those of GSPCs and electron counting devices op

erating at normal pressure, also shown in table 1. Ti. •; 110 and 185 eV lines are better 

resolved by our method. The decrease in resolution with increasing X-ray energy is due 

to the non-linear response of the present detector (see fig.7), and can be improved in a 

better detector configuration. 

Part of the non linearity observed may be due to the energy dependence of W, and 

F. According to experimental work of Kowalski et al [18] and to simulation calculations 

of Dias, Santos et al. [19, 20], performed with Xenon over the energy range of 0.1 to 25 

keV, Wi and r are not constant. Instc j they depend on the X-ray photon energy since 

they are sensitive to the shell structure of the photo-absorbing gas atoms. The authors 

found a general decrease of W, and F at increasing energy, with strong discontinuity at 

the shell energies. At photon energies well above the K-shell energy, both IV; and F reach 

constant values. This might be also the case in the Argon/CjHe mixture, due to the shell 

structure of Carbon and Argon atoms. 

Fig.9 summarizes the energy resolution as a function of the X-ray energy. The solid line 

corresponds to 20%/</£,. The square data points are our experimental data (electrical 

readout method), while the triangles correspond to simulated results with constant H', 

and F values of 26.8 eV and 0.252, respectively. As can be seen, our experimental results 

fluctuate with respect to both the solid line and the simulation, which may bean indication 

for an energy dependence of Wi and F. 
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As mentioned in paragraph 3, the experimental and simulated distributions of the 

number of counted electrons may be used to extract the values of W, and F. This is done 

by varying the input F and W, values of the simulation, and minimizing the x2 correlation 

function between the simulated and the experimental distributions. The uncertainties 

involved in this procedure arise from two main sources: systematic errors caused by 

inaccuracies in some of the simulation input parameters (drift velocity, diffusion constant, 

gain, electron losses etc.), and statistical errors of the experimental and simulated data. 

At the present stage of the work, we applied this procedure only at 3 photon energies: 

110, 277 and 676 eV; the results are summarized in table. 2. In this particular experiment 

we did not measure electron losses, but, based on previous studies with the same gas 

mixture, we assumed no electron losses during the electron drift, process. This may lead 

to a systematically over estimated W, and F values. 

A more detailed study of the extraction of Wi and F values and their energy dependence 

for various counting gas mixtures, will be presented elsewhere (ref. [21]). 

5 Summary 

We have presented < novel detector for sub-keV X-ray spectroscopy, based on Pri

mary Electron Counting (PEC) in a low-pressure multistage electron multiplier. Two 

methods were employed for recording single electron avalanche-induced pulses: an elec

tronic readout of the charge induced on the anode wire plane of the detector, and an 

optical readout of the light emitted during the amplification process. The low-pressure 

operation enables the use of very thin entrance foils over large active areas, providing a 

high detection efficiency in the low energy range. The large primary electron cloud expan

sion, due to diffusion, provides a high electron counting efficiency and therefore a good 

energy resolution. Energy resolutions comparable to those reported in gas scintillation 
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and electron counting devices, both operating at atmospheric pressure, were achieved. 

This novel method permitted measurement of photons down to the Beryllium 110 eV 

K-line. The resolutions reached are 56%-28% FWHM in the respective energy range of 

110-676 eV. The optical readout provided somewhat inferior energy resolutions, over the 

whole energy range. This may be due to delayed photon emission from excited levels of 

the gas mixture which cause over counting problems and requires further investigation. 

Additional contribution to the broader energy resolution might be parasitic effects related 

to the photomultiplier. This can be reduced either by using a selected tube, with a very 

low afterpulse-rate, or by using two tubes in coincidence. 

In its present configuration, the detector was proven to be a valuable spectroscopic 

tool in the photon energy range of 100 to 700 eV. Several modifications can be made 

in order to further improve the performance and to extend the relevant energy range. 

The use of a longer conversion region will result on one hand in an increased photon ab

sorption, and on the other hand in an enhanced electron diffusion and therefore a better 

eiectron counting efficiency. The counting efficiency will also increase by a reduction of 

the single electron pulse width, reached, for example, by using thinner amplification gaps. 

The optical readout is expected to provide a better solution in this case. A subdivision of 

the readout electrode to small pads may also improve the counting efficiency. Simulation 

data presented in fig.10 show the considerable improvement expected in the detector per

formance just by reducing, for example, the single electron pulse width from 25 ns to 5 ns. 

Finally, a better energy resolution is expected with Penning gas mixtures, having high n 

and small F values. Such mixtures, extensively used in proportional gas counters working 

at low gain, provide best resolutions for a few keV X-rays [22]. The possibility lo employ 

Penning mixtures for single electron counting at low gas pressure will be investigated. 

The Primary Electron Counting method provides a unique tool for studying basic 
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processes related to the interaction of radiation with gas media. It is employed for the 

measurement of the specific primary ionization induced by charge particles, as recently 

reported in ref. [23]. In the present work we demonstrate, in a preliminary fashion, the 

possibility to extract the values of Wi and F, employing low energy X-rays. We are in a 

process of investigating these possibilities in a greater depth. 

We would like to thank M. Klin, Y. Gil and J. Asher for their technical support. 
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List of Tables 

1. A summary of our results of the average number of counted electrons (n) 

and the energy resolution FWHM over the range of 110-676 eV, measured 

by single electron counting at 10 Torr of Ar/C2Hs (33:67). Former results 

of Policarpo, Hamilton and Siegmund et al are also cited. 

2. Mean ionization energy and Fano factor values extracted from the experi

mental data using a Monte-Carlo simulation. The uncertainties shown in 

the table are statistical errors only. 

List of Figures 

1. A schematic view of the Primary Electron Counting detector. 

2. Attenuation length of X-ray photons in our detector gas, X-ray absorption 

efficiency in the present detector values and the transfer efficiency of the 

75 /ig/cm2 polypropylene window as a function of the photon energy. Gas 

mixture: Argon/CjHe (33:67) at 10 Torr; conversion volume length: 20 cm 

3. A simulated 676 eV X-ray induced pulse-trail (top) and the corresponding 

correlated trail (bottom). The arrows point to the generated electrons, 

while the electron pulses recognized by the correlation technique are circled. 

The solid horizontal line in the lower spectrum is the threshold chosen for 

data analysis. The drift velocity and longitudinal diffusion are 1.5 cm//is 

and 0.47 cm0,5. The photon attenuation length is 7.6 cm. 

16 



4. A typical 676 eV Fluorine experimental event, (a) an electrically record

ed trail (b) the corresponding optically recorded trail, (c) the correlated 

spectrun of the optical trail. Electron pulses recognized by the correlation 

technique are circled. The solid horizontal line in the lower spectrum is the 

threshold chosen for data analysis. Ar/C2H6(33:67) at 10 Torr. Detector 

and photomultiplier gain are w 106. 

5. A scatter plot of the counted number of electrons as a function of the 

pulse-trail length for combined Beryllium, and Fluorine spectra, (a) an 

experimental plot based on electrically recorded current pulses, (b) a sim

ulated scatter plot. The window shown in (a) corresponds to selected events. 

6. Distribution of electrically counted number of electrons. The distributions 

are restricted to events contained inside the window shown in fig.5. Events 

with only one electron were not analyzed. 

7. The average number of electrically counted electrons as a functirn of the 

X-ray photon energy. The solid line was added to guide the eye. The size 

of the squares represent the maximal statistical error. 

8. Energy spectra of sub-keV characteristic X-rays of various light elements, 

(a) and (b) are electrically and optically recorded data, respectively. The 

symbols are the experimental points while the lines correspond to Gaussian 

fits to the data. Events with only one electron were not analyzed. 

9. The energy resolution of the PEC detector as a function of the X-ray photon 

energy. The solid line corresponds to the function FWHM= 20%/JEy {Ey 

in keV). The simulated data points were obtained with constant values of 

Wi and F (see text) . 
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10. A simulation study of the energy resolution (FWHM) as a function of the 

incoming X-ray energy. All input parameters except the pulse width, F 

and Wi are identical to those of the experiment. The Fano factor and Wi 

are constant and equal to 0.252 and 26.8 eV, respectively. The solid line 

corresponds to the width of the input (generated) distribution, while the 

circles and rectangles correspond to the width of the counted distributions 

resulting of wo different values of avalanche-induced pulse widths, indicated 

in the figure. 
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Our results 
Electronic readout 

Our results 
Optical readout 

Policarpo [3] GSPC 

Hamilton [4] GSPC 

Siegmund [6] 
atm. pressure PEC 
Hand counting 

Energy (eV) 

n 

fwhm % 

n 

fwhm % 

fwhm% 

fwhm% 

fwhm% 

no 

4.1 ±0.04 

56±4 

4.1±0.04 

59±4 

-

-

-

185 

6.3±0.24 

51±7 

6.5±0.15 

52±S 

-

58 

50 

277 

9.4x0.04 

39±2 

9.7±0.02 

43±2 

36 

39 

34 

523 

16±0.07 

32±2 

15.6±0.07 

35±2 

26.7 

25.6 

-

676 

19.9±0.1 

28±2 

20.2±0.1 

30±2 

26 

-

-

Table. 1 

Energy (eV) 

Wt 

Fano factor 

no 

26.8±0.2 

0.252±0.015 

277 

27.2±0.2 

0.24±0.015 

676 

27.1±0.3 

0.245±0.02 

Table.2 
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degrees of freedom have to rearrange themselves, which yields a form factor suppression. 

Due to heavy quark symmetry, this suppression factor cannot depend on the spin and the 

mass of the heavy quark, neither on the Dirac structure of the current. Lorentz and parity 

iiivariance, and the properties of M(v) imply that dependence only oaj i = t -v ' and on the 

renormalization scale p is allowed. Hence, a single universal, i.e. only y and /J dependent, 

function £(y,^) is sufficient to parameterize all semileptonic Miv) —* M'(v')£v decays, where 

M and M' are pseudoscalar or vector mesons containing a single heavy quark: 

(M'(v')\h'v,rhv\M{v)) = -t(y,f)Tr{M'<vl)rM(v)}. (6) 

Vector current conservation implies that when the heavy meson in the final state is at rest 

in the rest frame of the decaying heavy meson, this so-called Isgur-Wise function satisfies 

f (1) = 1. The predictions of HQS are most restrictive at this special kinematic point ("zero 

recoil'': y = 1), allowing model-independent predictions, unaffected by hadronic uncertain

ties. 

Thus, at leading order in the heavy quark expansion, matrix elements factorize into a 

kinematic part that depends on the mass and the spin-parity of the mesons, rnd a reduced 

matrix element that describes the- light degrees of freedom. This is a remarkable simplification, 

as a-prtori six independent, form factors describe the semileptonic B —* D^ transitions. 

Since the b and c quarks are not much heavier than AQCD , an analysis of the 1 /mQ corrections 

is important for most phenomenological applications. 

2 . 2 . 1 / m q CORRECTIONS 

At subleading order, matrix elements receive contributions from the higher dimension 

operators in the effective Lagrangian (2) and in the effective current (4). The idea is to 

leave the heavy quark propagator identical to its leading order expression and account for 

the correction terms in the Lagrangian as insertions of operators. To parameterize their 

matrix elements we need three new universal functions Xi(si) (' = 1>2,3). Vector current 

conservation implies Xi(l) = X3(l) = 0 (this is known as Luke's theorem [11)). 

Matrix elements of the 1/m.Q corrections in the effective current (4) are parameterized 

in terms of another three universal form factors, usually denoted by f+(y), f - (y) , and £>(j/). 

Imposing the equation of motion, i[v • D)hq, = 0, on the matrix element yields two con

straints [11]. Thus only one of these three functions, say ^ ( y ) , is independent. 

function 

normalization 

broken symmetries 

«v) 
£(i) = i 

no 

xi(y) 

Xi(l) = 0 

flavor 

X2(y) 

no 

spin, flavor 

Xaiv) 

X3( l )= 0 

spin, flavor 

Uv) 
no 

spin, flavor 

Table 1: Properties of the univerral functions of HQET. 
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