A modified time-of-flight (TOF) method for precise determination of high
speed ratios in molecular beams
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Time-of-flight (TOF) is a standard experimental technique for determining, among others, the speed ratio S
(velocity spread) of a molecular beam. The speed ratio is a measure for the monochromaticity of the beam and
an accurate determination of .S is crucial for various applications, for example for characterising chromatic
aberrations in focussing experiments related to helium microscopy or for precise measurements of surface
phonons and surface structures in molecular beam scattering experiments. For both of these applications
it is desirable to have as high a speed ratio as possible. Molecular beam TOF measurements are typically
performed by chopping the beam using a rotating chopper with one or more slit openings. The TOF spectra
are evaluated using a standard deconvolution method. However, for higher speed ratios, this method is very
sensitive to errors related to the determination of the slit width and the beam diameter. The exact sensitivity
depends on the beam diameter, the number of slits, the chopper radius and the chopper rotation frequency.
We present a modified method suitable for the evaluation of TOF measurements of high speed ratio beams.
The modified method is based on a systematic variation of the chopper convolution parameters so that a set
of independent measurements that can be fitted with an appropriate function are obtained. We show that
with this modified method it is possible to reduce the error by typically one order of magnitude compared to
the standard method.
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time ¢ required for the atoms or molecules in each pulse

The velocity spread of a molecular beam and hence
its monochromaticity is an important parameter for ap-
plications such as neutral atom beam microscopy!™” and
molecular beam scattering experiments®®. In many of
these applications a narrow velocity distribution is im-
portant and it is important also to be able to determine
the width of the distribution precisely. The molecular
beams used are typically so-called thermal beams, cre-
ated in a supersonic expansion (free-jet expansion). The
beam expands from a high pressure reservoir through a
small nozzle into vacuum and the central part of the
beam is selected by a skimmer. The velocity distribu-
tion of such a beam along the beam axis can be de-
scribed by a Maxwell Boltzmann distribution'®!! which
for high S values can be well approximated with a Gaus-
sian distribution. The velocity distribution for a ther-
mal molecular beam is usually expressed in terms of the
speed ratio S = 24/in(2) v/Av, where v is the average
beam velocity and Awv is the full width at half maxi-
mum (FWHM) of the (approximately Gaussian) veloc-
ity distribution'®'213. The most common experimen-
tal method used to determine the kinetic energy of such
beams is time-of-flight'4"16. Here, the beam is pulsed
using a chopper with one or more slit openings and the
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to travel a certain distance L is measured. Two types
of choppers are commonly used, the so called pseudo-
random chopper, which enables a high beam transmis-
sivity, but is not suited for measuring narrow velocity
distributions'” '° and a "standard" chopper, which has
one or more rectangular slits of the same size and equidis-
tantly spaced around the chopper periphery. For a stan-
dard chopper the measured time distribution can be con-
verted into a beam velocity distribution?® using the stan-
dard deconvolution method presented by Pauly'C. How-
ever for high speed ratios this method leads to a large
uncertainty, how large depends on the slit width and
chopper frequency. For our set-up the uncertainty in-
creases to & 5% for speed ratios above 140. In this paper
we present a modified evaluation method for the time
distribution based on doing several measurements with
a trapezoidally shaped slit adjusted to different heights.
The paper begins with a short description of how TOF
spectra are obtained experimentally, followed by an eval-
uation of the standard deconvolution method, showing
its limitation for high speed ratios. Then comes a pre-
sentation of our new, modified method including the ex-
perimental requirements and a comparison of the new
and the standard method.

Il. EXPERIMENTAL SET-UP FOR TOF MEASUREMENTS

Fig. 1 shows the TOF measurement set-up used to ob-
tain the experimental measurements presented here. It



is a typical set-up, only that we are using trapezoidal
rather than rectangular slits and that for surface science
experiments the beam will reflect off a surface before or
after chopping. All measurements have been obtained
using the molecular beam apparatus at the University
of Bergen, popularly known as MAGIE. A detailed in-
strument description can be found in?'. During a TOF
experiment the chopper, which can have several slit open-
ings, rotates with a certain frequency f.n, chopping the
beam into short pulses (sometimes referred to in the lit-
erature as beam packages). A drawing of the chopper
disc used here is shown in Fig. 2. A detailed drawing of
a trapezoidal slit is shown in Fig. 3. In addition to two
trapezoidal slits, the chopper disc has two small rectan-
gular slits placed above the centre of each trapezoidal
slit. They are used to provide a trigger signal for a
flight time measurement of a beam pulse. This trigger
pulse is generated by a light-emitting-diode (LED) and
a photo-detector, mounted on each side of the chopper
wheel. The 10 small slits are used to control the rotation
frequency. The 10 large slits present a 50% duty cycle
and can be used to modulate the incident beam for mea-
surements of elastic diffraction, detecting the signal by
means of a lock-in amplifier. These slits were not used in
these experiments. The slit width is changed by manu-
ally changing the position of the chopper relative to the
beam. This can be done with micron precision using a
translation stage. At the end of the beam line the atoms
are detected using an ionization detector. After a pre-
set delay time tq, the TOF electronics starts to count
the number of detected atoms in predefined time-bins.
To gain enough signal intensity, a TOF spectrum is in-
tegrated over thousands of beam pulses. Fig. 4 shows a
measured time distribution with a single Gaussian fit.

Ill. THE STANDARD TOF DECONVOLUTION METHOD

The mean flight time ¢ of the beam atoms can be
obtained from the TOF spectrum as follows:

tf :td+tp7tc*tch/27 (1)

where tq4 is the pre-set delay time (see previous section).
t, the peak time extracted from the measured spectrum,
ten the set channel width of the recorded signal parts
(time bin) (see previous section) and t. a correction fac-
tor caused by the positioning of the trigger slit relative
to the beam chopping slit. This correction factor is in-
versely proportional to f.; and can be determined ex-
perimentally using a calibration procedure??. Using the
flight distance L, the average velocity of the beam is thus
found to be vf = L/t;.

To convert a TOF time distribution spectrum into a
velocity distribution spectrum it has to be taken into ac-
count that the true time distribution spectrum of the
beam is perturbed in the data taking process. Firstly
each beam pulse has a certain duration determined by the
slit width and rotation frequency. The relative movement

of the atoms within a beam pulse cannot be measured.
Secondly, the ionization detection leads to an error. The
filament has a finite extension and it cannot be distin-
guished if an atom was ionized at the beginning of the
filament or at the end.

In the standard TOF evaluation method it is as-
sumed that these two contributions lead to Gaussian
broadenings of the approximately Gaussian velocity dis-
tribution of the beam. The final TOF spectrum is
taken to be a convolution of three independent Gaussian
distributions'. One can thus obtain a relation between
the FWHM of the distributions:

Aty = A2 + Atg + At (2)

where Aty is the FWHM of the measured distribution.
Aty is the FWHM of the real beam time distribution,
Atc the FWHM of the contribution due to the finite
pulse width and Atp is the FWHM of the contribution
due to the filament of the ionizer. According to Pauly'4
Equation (2) can be re-written as follows

Av 2 2 Lo\ 2
A2 = <L2v> = At} — <0> _ (D) :
V7 27T eh fen Vs
3)
with Lp the detector ionization length, r, the chopper

disc radius at the centre of the beam, f., the chopper
frequency and the opening, o, is defined as follows:

o— w  w>2b
)20 w<2b

where w is the slit width and b is the beam radius'*. S

can be rewritten as:
Aty \?
1-— . 4
( ( 2t¢ ) ) ( )
Aty

S = 2VIn2 - = 2v/In2
Av
If tg >> Tt we can approximate equation (4) to

ts
At,

i
~ 2 2 .
S~ 2Vin At (5)

Combining equations (3) and (5) the deconvoluted speed
ratio Sge, corresponding to the real speed ratio of the
atom beam, can be obtained:

Sue ~ 2Vin2 LI - ()
Vot () - (2)

from the Gaussian error propagation of (6) follows

0%, =ROT+...
t? o?r!, (o) 0 ?
4ln2-1 chi — .
AR ((%fch)?rsh(o) <2wfch>2rzh<o>> ™)

Where for large values of (Atc = m), and high

speed ratios, an error associated to the opening o and the
chopper radius 7., dominates the obtained speed ratio
Sde (see Fig.5).
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FIG. 1. Diagram of the TOF set-up on MAGIE. A chopper disc is placed in the neutral helium beam line, creating well defined
beam pulses (beam packages) which are detected in an ionization detector.
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FIG. 3. Diagram of a trapezoidal slit as used here. Point P is
the extrapolated tip position. The shaded area illustrates how
the beam crosses the slit, darker tones correspond to a higher
beam intensity. = indicates the distance from the extrapolated
tip position to the actual end of the slit. y indicates the
distance from the extrapolated tip position to the center of
the beam.

FIG. 2. Drawing of the chopper disc used in the experiments
presented here. Two trapezoidal slits for beam chopping are
placed opposite to each other. Two small rectangular slits
centered above the trapezoidal slits are used for generating
trigger pulses to the measurement electronics. The 10 small
slits are used in a similar manner for generating trigger pulses
to control the rotating frequency. The large slit openings are
not used here.
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FIG. 4. TOF spectrum of a free-jet helium expansion beam
from a 10pum nozzle with a stagnation temperature and pres-
sure of Ty = 295 K and pg = 81 bar. t4 is a predefined delay
time following the trigger pulse, preceding the actual mea-
surement. The accumulated signal from the incoming helium
atoms is then recorded in certain predefined time-bins with
increasing time-line. The peak time ¢, is defined by the peak
position of the spectrum. The fitting is performed to estimate
the FWHM.

IV. THE MODIFIED TOF EVALUATION METHOD
1. General idea

An optimum opening o would be indefinitely small,
but this is clearly not realisable. With our evaluation
method we utilize the chopper slit’s trapezoidal shape to
obtain a span of measurements for different slit widths w.
The same procedure could also be implemented using a
rectangular slit but the variation in the measured values
would be smaller. Alternatively, independent measure-
ments could be achieved by varying any of the physical
parameters affecting the convolution, such as the chopper
frequency or the beam radius. By fitting the gained curve
with a given analytical function, where one of the fit-
ting parameters is the FWHM of the real velocity spread
(At ), we are able to obtain the deconvoluted speed ratio
with a much smaller associated uncertainty. The method
is divided in two parts, first there is a spatial calibration
of the size of the beam and width of the slit at every point.
Second, the data is fitted with the analytical function de-
scribed in section IV 3.

2. Spatial Calibration

The methods used to determine the convoluted speed
ratio depend strongly on the beam radius b and the chop-
per slit width w. Normally they are inferred on the basis
of independent measurements of the slit width, combined
with knowledge about how the beam has been collimated.
However, a more precise value can be obtained from fit-
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FIG. 5. Uncertainty of Sge, %u(Sqe)/Sae versus o for differ-
ent deconvoluted speed ratios. The S-isometric curves show
a monotone increase of the uncertainty with the opening, o
and the deconvoluted speed ratio. The associated error in
o was chosen to be Ao =~ 0.1 mm. The minimum value of
o achievable with our system is given by the minimum slit
width, marked with a vertical black line. The rest of the phys-
ical parameters are set according to the experimental set-up;
fon = 310 Hz, ron = 0.0727m — 3.7453w (for the case w > 2b,
each slit width corresponds to a slightly different chopper ra-
dius).

ting the measured intensity values of the beam on its
descent out of the trapezoidal chopper slit,

I(w) =p+ K -T(w, for) - A(w) - E(w), (8)

where T'(w, fen) is the time opening for a slit width w at
a given chopper frequency fe,. A(w) is the cross section
of the beam as seen in Fig. 3. E(w) is the integral of
the normalized beam distribution along the y axis after
intersecting the slit, this integral is computed using an
error function (see equation (10)). K is the total intensity
of the beam at the chopper disk position in counts/second
and p is the background count rate when the chopper is
completely blocking the beam. The contributions are
given as follows:

w

T(U% fch) = m,

9)

where 7y, is the radius of the rotating chopper disk lead-
ing to slit width w.

Blw) = 5 (L+ erf(3)) (10)
where
5o ooz (1)

where y is the distance from P to the centre of the beam
and z the distance from P to the end of the slit (see Fig.



3). The distance y can be related to w by means of the
angle a, y = 57—, and b is the beam radius. As illus-
trated in Fig. 6, A(w) must be calculated according to
the geometrical bounds of the problem. Heaviside func-
tions are used to express all possible domains within a
single equation (see the Appendix).

Alw) =

Hy(m—7) (1 - Hs(h’){%(h + 2bsin(B — «))

— 5 (20-20—sin(2~20))} ~ (6-sin6)

1 .
5 (y—sin 7))

Com

+Hs(7—7r)%(v—sin7)7 (12)
with
h' =z —y+bcos(B— a). (13)

Hy is the heaviside function. The angles «, 3, v and 0
are defined in Fig. 6.

The spatial calibration described in (8) has three fit-
ting parameters: the relative beam position y — x, which
is proportional to the slit width w, the beam radius b
and the intensity constant K. The initial fit parameters
are chosen as follows: K| is obtained by fitting equation
(8) in the range where the influence of the beam extinc-
tion is negligible i.e., A(w) ~ E(w) ~ 1. by is set at
0.5 mm for a nozzle diameter of 10um and a skimmer
diameter of 4um. The initial beam height relative to the
slit is obtained by measuring the beam intensity drop
as the chopper is moved manually across the beam. At
the point where the intensity reaches the minimum, the
beam is out of the slit. All the aforementioned parame-
ters are varied within the spatial calibration to determine
the best fit for the measured beam intensity values (see
Fig. 7).

The described calibration can be improved by assum-
ing an axisymmetric Gaussian distribution of the beam
intensity and performing a numerical convolution with
the trapezoidal slit and the skimmer. However, equation
(8) achieves good parametric precisions due to the fact
that all geometrical domains are considered (see equation

(12)).

3. Fitting function

The standard deconvolution method described in sec-
tion IIT models the transmission function as a Gaussian
with Atc as its FWHM:

2V1In2 - t;
Sc = 2 2 2’
VAR + Atc(y)? + At

(14)

with Atg = m and Atp = I;—f . Tests have shown

that this equation does not fit our data set well (see Fig.

FIG. 6. Side view of the chopper slit with the angles used
in the equation (12) for A(w). The line corresponding to the
end of the slit is marked with a darker color.
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FIG. 7. Spatial calibration. The measured beam intensity
(blue points) is plotted against the chopper disc displacement.
For a beam stagnation pressure po = 90bar, fo, ~ 229 Hz,
and a beam temperature of Top = 125K. The red line shows
the fitted spatial calibration described in equation (8). From
the fit the slit width for each point and beam radius are de-
termined, in this case b = 0.57 £ 0.01 mm. The uncertainty
of the intensity values is low, o5 < 0.004 - 10° counts.

9). We have therefore introduced a new function which
includes a parameter defined as area preserving sigma,
oA, to correct for the in reality non Gaussian transmis-
sion function. This parameter is defined as a positive real
number that covers an area of the normalized chopper-
transmission function equivalent to the area covered by
lo in a Gaussian distribution.

oA
/ Togdt = 0.68268, (15)

—0oA

where the transmission function, T.g is a trapezoidal
function such as defined in'*. oa is used to obtain
an alternative FWHM to represent the slit by Atga =
2v2Iin20s. However, this new parameter, when used
alone, still does not provide a satisfactory fit. A well-



fitting function can be obtained by averaging both pa-
rameters (see Fig. 9);

1
AtCavg = 5 (AtC + AtCA) ) (16)

where Atcayg is the modified FWHM resulting from the
average of At and Atca. The convoluted speed ratio
values, S¢ are thus obtained as:

. 2V1In2 - t;
VAL + Atcae(y)2 + At

Sc (17)

where the flight time ¢; is calculated using equation (1),
At, is the fitting parameter. Atcav, is implicitly depen-
dent of y, which is the height at which the slit is situated
for each of the measured S¢ values with y = 0 defined
at the point where the center of the beam crosses the
end of the slit. The deconvoluted value of S is then ob-
tained using equation 5 by setting At to the obtained
value At, from the fitting function. The uncertainty cal-
culation is performed by weighting every measured speed
ratio point by 1/03 where o}, accounts for its standard
deviation, obtained by a Gaussian uncertainty propaga-
tion. As can be clearly seen in Fig. 8, the uncertainty
values for the final speed ratio Sg. obtained by the pre-
sented method are significantly smaller than the uncer-
tainty values obtained using the standard deconvolution
method described in section III.

18 | —— Standard method
16} | © Modified method

FIG. 8. Uncertainties for the deconvoluted speed ratio val-
ues, Sqge. The blue line plots the minimum uncertainty values
obtainable using the standard deconvolution method, corre-
sponding to the values over the black line at Fig. 5 (o=1 mm).
The red circles are the uncertainty values obtained under the
same conditions using the modified deconvolution method.
The red circles are scattered due to their direct dependence
on the statistical goodness for each experiment.

V. CONCLUSION

We have presented a high precision method to eval-
uate the speed ratio of a thermal molecular beam for a
wide range of speed ratio values. The method is based on
measuring the speed ratio of the beam at a range of con-
volution parameters, here realised by varying the chopper
slit widths and fitting the data by a specially developed
convoluted speed ratio function. The final speed ratio is
found using the fitting parameter, which corresponds to
the FWHM of the deconvoluted velocity distribution.

Furthermore, we introduce an equation for the beam
intensity through the slit, which is used to fit the beam
width and the position of the beam center relative to the
chopper slit.

An important quality of the presented measurement
method is, that it is not limited to the analytical con-
volution function presented in this paper. Alternative
numerical or analytical models can be implemented to
model the convoluted speed ratio. The decrease of the
measurement uncertainty follows from the statistical re-
dundancy of using a range of convoluted S values. The
magnitude of this decrease will depend on the validity of
the convolution model used to fit the experimental data.
However, the increase of the measurement accuracy does
not stem from the aforementioned statistical redundancy
but solely from the soundness of the equations modelling
the convolution of the beam with the slit.
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APPENDIX: DERIVATION OF E(w) (EQUATION (10))
AND A(w) (EQUATION (12))

The basic expression of E(w) (equation (10)) is given
as follows;

1 y—x &2
- V2mo / ¢
1 2 (VT _e
0

where y — x is the distance from the centre of the beam
to the end of the slit (see Fig. 3). In order to obtain
&-2

the error function, we perform the variable change 5> =
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FIG. 9. Convoluted speed ratio values Sc versus the slit height (see Fig. 6) for Sqe = 181.9 4+ 2.9. The dotted line represents
equation (14). The dashed lines uses the area fitting function alone and the solid line is equation (17)

12 = d¢ = %dt. The beam radius b is defined as half of

the FWHM of the Gaussian distribution modelling the
intensity profile of the beam, b = v/21n 20.

s = 1+ [ 7 )

<1+/ -t dt) %(1+erf(§))7 (19)

where § = &= $)\/F. The error function can give pos-
itive and negatlve values, so equation (19) can be used
for any y — x.

The derivation of equation (12) is more lengthy be-
cause many geometric regimes and sub-regimes must be
considered. The possibilities are sketched in Fig. 10.
The area resulting from intersections of this kind can be
calculated by removing from the area of the circle the
portions of the circle that are left outside. Or, in some
cases, to directly calculate the portion that is left inside.
Therefore, it is enough to use the formula for the area of
a circular segment together with the area of a trapezoid
(see Fig. 11). The area of the blue segment is

1
As = 5b?(a' —sinf’), (20)
and the area of the grey trapezoid:
1
Ap = i(m +n)h'. (21)

YOAVAY,
g o
dIY

FIG. 10. The different possible geometrical cases for the in-
tersection of a circular profile and a trapezoidal slit. In blue
the cases which only require the use of equation (20) and in
red the cases where equation (21) should also be applied.

It follows from Fig. 10 that to calculate the area function
A(w) one just needs to consider all the different cases.
From Fig. 6, n = I, m = 2bsin(f — ). The angle ¢’
will take different values depending on the geometrical
case. The different values of A(w) corresponding to each
geometrical regime are included in Table I. To put all
expressions in Table I within a single equation, it is useful
to realise that the cases la, 1b, 3, 2, 4b, 4a and 5a are
merely modifications of the same equation, where from
the normalised area of the circle we subtract increasing



FIG. 11. Intersection of a circular profile and a trapezoidal
slit. h’ is the height of the trapezoid contained in the inter-
section, @’ is the angle defining the circular segment and n is
the basis of the trapezoid.

TABLE I. Normalized area equations for all cases presented
in Fig. 11 using the parameters defined in Fig. 6

Case |A(w)

la,1b,3|1 — L(6 — sin6)

2 1— 5-(y —siny)

4b 1— (0 —sinf) — ;- (y —sinn)

sa5n 1— M (I + 2bsin(8 — a))
—5-(28 — 2a —sin(28 — 2a)) — £ (0 —sin6)

5b 7 (y —siny)

amounts of surface as the beam approaches the slit end.
If 6, v or 8 can not be defined, they are set equal to 0.
The general solution follows,

A(w) =
Hym—)|1- Hs(h'){%(ll + 2bsin(8 — a))
—%(2ﬁ—2a—sin(2ﬁ—2a))}—%(H—sin 9)—%(7—sin'y)

+ Hy(y — ﬂ)%(v —sinvy). (22)
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