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A pulsed molecular beam source having short pulse duration (typically 70 ps) and narrow velocity distribution (A必스8 

% for helium) has been constructed utilizing a commercial fuel injector. Beam characteristics of helium and ammonia 

seeded in helium expansions are accomplished by the use of an electron impact time-of-flight mass spectrometer. 

The comparisons between experimental data and theoretical calculations show that the proper beam speed is important 

to predict the evolution of stream temperature and valve shutter function. The decreasing tendency of pulse duration 

with increasing cluster size leads to the conclusion that the cluster beam property is described as a function of 

cluster mass and disinct cluster temperature.

Introduction

Highly expanded free jets of gaseous species have found 

diverse applications in the study of spectroscopy, chemical 

dynamics, fluid mechanics, analysis, and surface studies?~3 

The low collision energies in the medium provide a unique 

environment for the formation of weakly bound molecular 

complexes. The combined effects of resulting low internal 

energies and the narrow velocity distribution lead to simple 

and highly resolvable spectra which aid considerably in elu­

cidating the structure and dynamics of these molecules.4-8

Until recently, however, the use of supersonic molecular 

beams has been limited by the cost and complexity of the 

required vacuum systems. In addition, the maximum achie­

vable density of a continuous molecular beam has been kept 

relatively low since it is also limited by the pumping capabi­

lity of vacuum system. The use of a pulsed molecular beam 

source can overcome the above limitations to a large extent 

and the physical dimensions of the source of the molecular 

beam can be reduced. This reductin of system complexity 

makes the pulsed valve approach to beam production quite 

attractive.

The pulsed nozzles for supersonic expansions are now well 

established and various designs are also available to meet 

specific requirements. Since late 1970s the current-loop ac­

tuated sources have been developed by several research 

groups9,10 using the concept of repulsion of two conductors 

with current flowing in opposite directions. Unfortunately 

this design requires very large current pulses (thousands 

of amperes) and high voltages (~2 KV) to drive the valve. 

Although the short pulsed valve (10-300 ps) can be construc­

ted, its mechanical and electrical complexities have limited 

its usefulness when the fast repetition rate and simple const­

ruction are required. A piezoelectric devcice11 was demonst­

rated to offer high repetition rates (>100 Hz), however, it 

cannot be used at elevated temperatures and requires perio­

die replacement of the crystal.

The frequently used pulsed beam source for spectroscopy 

experiments, where the short pulse duration is less critical 

as in scattering experiments, has been the solenoid valves. 

Of the various solenoid valves adapted for molecular beam 

source, the most popular one is the relatively inexpensive 

automobile fuel injector.1213 Its strong points are comparati­

vely simple to construct with only moderate drive circuitry 

and operable at high repetition rates (>50 Hz). Unfortuna­

tely, however, the gas pulse is typically several hundred mic­

roseconds to several milliseconds long. Bassi and co-workers 

14 have overcome this limitation using the background inter­

ference to reduce the width of the beam pulse while the 

pumping load at the source region is severe (>10-3 Torr).

Aside from the significant improvements in pulsed beam 

source, very little is known concerning the seeded beam cha­

racteristics: the variation of mean velocity and the tempera­

tures of higher clusters in supersonic expansions. This is 

due partly to the measuring difficulties of individual cluster 

properties in molecular beam and due partly to the insuffi­

cient knowledge of describing the pulsed free jet expansion.

In this laboratory we have found that a fuel injector valve 

can be used satisfactorily to reduce the pumping demands 

of the system in an electron impact ionization time-of-flight 

mass spectrometry (TOFMS)15 In this paper we describe a 

relatively simple design of pulsed supersonic beam source 

in detail, incorporating a fuel injector valve, which produces 

very short gas pulse (typically 70 gs FWHM for He beam). 

Time resolution study of the pulsed beam is able to charac­

terize the stream temperature and valve shutter function 

quantitatively. The beam source is very simple and easy to 

construct and provides a unique characteristics compared 

with the more complicated valves in their designs. We have 

also compared our experimental measurements for the tem­

poral behaviors of the single component and seeded beams 

with theoretical predictions.

System Design

The experimental apparatus is schematically shown in Fig-
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Figure 2. Oscilloscope trace of injector pulse waveform. Vertical 

scale: 40 V/div., horizontal scale: 200 ps/div.Rflure 1. Schematic diagram of 나le pulsed-molecular beam pro­

file measuring system.

ure 1. It consists of a differentially pumped vacuum system 

with a TOFMS sitting vertically on top of the main chamber. 

The molecular beam is introduced through a pulsed valve 

in the source chamber, which is pumped by a 4 in. diffusion 

pump (760 L/s) fitted with a water cooled baffle.

The valve we have used is an automobile fuel injector 

(Siemens, part No. 9611606076) designed to open for 1-10 

ms, at repetition rates up to 50 Hz. It is a solenoid plunger 

design, wherein a current pulse energizes the solenoid coil, 

which in turn retracts a metal piston. The external dimen­

sions of the valve were machined down somewhat to facili­

tate the suitable mounting and gas supply while the nozzle 

geometry (throat diameter=500 pm) of injector was maintai­

ned without any modification. The source chamber is separa­

ted from the main chamber by a Cu electroformed conical 

skimmer with an orifice diameter of 0.8 mm. The nozzle 

to skimmer distance is 5 mm. The free jet is skimmed and 

passes through the main chamber which is evacuated by 

a liquid nitrogen trapped 8 in. diffusion pump (2000 L/s). 

The source and main chambers are maintained their base 

pressures below 5X10-4 and 2X10-6 Torr, respectively, at 

10-Hz repetition rate and 5 간m stagnation pressure of He.

A simple capacitor discharge circuit16 is used to operate 

the injector. A pulse charging 그。wer supply is used to charge 

a 2 jiF capacitor to voltages up to 200 V. A silicon controlled 

rectifier (SCR) is used to discharge the capacitor and allows 

a high peak current pulse to flow through the conductors 

of the pulsed valve. A diode is included in the front end 

of the circuit to prevent the capacitor from seeing damaging 

reverse voltage swings. Typical operating conditions are: dri­

ving voltage between 120-150 V and electric pulse duration 

greater than 100 ps (57 A peak current for a 130 V charging 

voltage). Figure 2 shows the oscilloscope trace of the injector 

current pulse. The driver circuit is usually operated at 10 

Hz although operation at higher repetition rate produces no 

noticeable change in the gas pulse characteristics.

Beam analysis is performed by means of an electron im­

pact TOFMS,15 placed at a 10 cm from the source. After 

a delay time with respect to the timing of the injector trigger 

pulse, the molecular beam is ionized by applying the electron 

impact pulse at orthogonal direction. The ions are modulated 

by pulsing of the voltage of the first extraction lens of the 

ion source. The pulsing of ions is used as the reference 

signal for the time-of flight measurements using the conven­

tional method. The arrival time distribution of the ion packet 

is measured with time resolution of 10 ns by using a tran­

sient digitizer and signal averager (LeCroyt Model 9400A). 

The ions are detected by a chevron microchannel plate 

(MCP) detector. The drift tube is differentially pumped by 

a turbomolecular pump with effective pumping capacity of 

200 L/s. The base pressure in the drift region, typically IX 

10-7 Torr, rises to about 5X10-7 Torr during operation. For 

the pulse width measurements of m이ecular beam the MCP 

output is sent to a boxcar averager (Stanford Research Sys­

tems) gated at the appropriate arrival time of interesting 

ion. After averaging, the results are stored in a microcompu­

ter.

세Wecular Beam Characterization

Pulsed Nozzle Performance. In order to determine 

the temporal distribution and beam characteristics of a pul­

sed molecular beam emerging from the valve, we probed 

the beam with TOFMS technique. The electron impact pulse 

was delayed by varying delay time ranging from zero to 1 

ms after the valve circuit began to open the noz끼e. An exa­

mple of molecular beam signals taken for 5 atm He expan­

sion with different values of nozzle-detector distance is 

shown in Figure 3. Helium was chosen because its use as 

a seed gas makes it a common constituent of the molecular 

beam produced in our system. The pulsed beam sources 

are situated at Zi = ll.l cm and ,2=44.1 cm in the ionization 

region of mass spectrometer. This measurement was perfor­

med without skimmer and operated under typical driver co­

ndition (10 Hz). The peak intensities of two signals were 

normalized to facilitate comparisons between them. Time 

zero in the figure corresponds to triggering of the pulsed 

valve. One can immediately notice that the measured pulse 

widths of the molecular beam are very close to that of the 

current pulse applied to the injector.

From the measured time difference between two positions, 

the mean speed (stream velocity, vSj of the molecular beam) 

of He atoms is estimated to be 1.38 X105 cm/s. The most



240 Bull. Korean Chem. Soc. 1995 I시. 16, No. 3

(s-un 
・
qu

쯔
 흗-

s 등
 I

Time (网

Rgure 3. Typical beam pulse at distances (a) /i = 11.1 cm and 

(b) Z2—44.1 cm from the ionization region of TOFMS. S(t) is 

the calculated valve shutter function. The calculated detector re­

sponses (dashed lines), employing by Eq. (3) with rs = 1.38X105 

cm s-1, show a good agreement with the experimental observa­

tions (solid lines). Z=0 is the trigger point for the pulsed valve. 

The gas used was helium at an inlet pressure to the pulsed 

valve of 5 atm.

probable velocity in the molecular beam, vp, is well characte­

rized by a(3/2)1/2 instead of a as found for molecules in 

the effective source:17

a 드(器刀初 )U2 (1)

where k is the B어tzmann constant, T is the source tempera­

ture, and m is the mass of the molecule. Thus, for a superso­

nic beam of He the most probable velocity at 300 K is predi­

cted to be vp = 1.37 X105 cm/s, in accurate accord with expe­

riment.

It has been known that the mean velocity rises quickly 

and asymptotically approaches the terminal velocity,18 vt. That 

is, the velocity reaches 98% of vt within a few diameters 

0c/d ~5 for monoatomic gases). This fe간ure is very impor­

tant in understanding the valve opening time. Therefore, the 

actual flight time 代 of molecular beam from the l\ position 

to the detector is only 80 ps. The time corresponding to 

the peak signal, however, is 330 ps, indicating a delay of 

about 250 ps between the trigger pulse and the time of ma­

ximum valve opening. The delay is the time required to 

set the metal piston in motion and accelerate the gas pulse 

out of the nozzle. The pulse widths measured at the l\ and 

l2 points are r(Zi) = 70.1 and r(Z2) = 74.6 卩s FWHM, respecti­

vely. It should be noted here that the measured width of 

the gas pulse in these experiments is due not only to the 

valve shutter time but also to the beam velocity distribution 

at the ionizing point.

The observed spread in arrival times at each distance can 

be expressed by the convolution of the opening time of the 

valve, rst and the spread, xVf due to the velocity distribution 

in the beam. We assume these contributions combine, like 

the convolution of two Gaussian distributions, to give the 

total time spread, i以，at the detector by,

以2 =样+弓,2. (2)
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If the velocity distribution does not contribute to 讪),as 

Gentry and Giese9 suggested, we may take For the

He beam (Figure 3) the velocity spread, Av/v (工确/电)，is 

then approximately 8% for the valve opening time r, —70.1 

卩s. The present experiments clearly demonstrate that the 

expansion from a nozzle source into high vacuum results 

in adiabatic cooling of the molecular flow. This cooling is 

a real reduction in Maxwell velocity distribution relative to 

the center of mass flow velocity. The comparison of data 

taken at different nozzle-detector distance shows that the 

velocity distribution of the beam is very narrow and that 

the pulse width is determined mainly by the valve opening 

time.

In order to understand more fully the valve shutter func­

tion, S(t), and the stream temperature, TSf of the molecular 

beam, we employed, using the conventional supersonic beam 

theory?9 a mathematical model that relates the time depen­

dence of the detector signal to a time- and velocity-depen­

dent flux from the pulsed valve. The function S(f) represents 

the temporal action of the pulsed valve in releasing a burst 

of gas toward the ionization region of TOFMS. The detector 

signal is given by the convolution between the S(t) and 

the molecular beam velocity distribution f(v). Let us assume 

that each segment so sampled has a Maxwell velocity distri­

bution with stream temperature Ts and stream velocity vst 

and that these quantities do not change significantly during 

the valve opening time. The detector response D(t), conver­

ted to a time distribution using Jacobian transformation, to 

the pulse produced by the valve is mathematically expressed 

by,

W： S財％ exp[ —(矗)(吉一罚 dt；⑶ 

where I is the distance between the valve and the ionizing 

point of mass spectrometer. Equation (3) takes into account 

the velocity dependence of the detection efficiency by multi­

plying w'1 to the v이ocity distribution. With the experimenta­

lly obtained 如 value, the above equation contains only two 

parameters: the stream temperature Ts, which is elated to 

the Mach number of the molecular beam, and the shutter 

function S(0. As shown in Figure 3, there are good agreeme­

nts between the measured and calculated temporal behaviors 

of molecular beams. The present result shows that the inclu­

sion of the proper beam speed is important to predict the 

evolution of stream temperature and valve shutter function. 

The calculated values of T5 = 7 K and S(f)=63.6 gs are obtai­

ned from the above simulation. It should be pointed out that 

simply assuming no contribution of velocity distribution to 

r(/i). as mentioned above, results in overestimation of S(f) 

function by 9%. Mach number, Ms, for gas stream then can 

easily be calculated by,

(•次我”)1/2 ' ⑷

where y is the specific heat ratio. For a supersonic beam 

of He, Mach number is determined to be

The discrepancy between the theoretical expression and 

the experimental points at the wings of the distribution may 

well be due to the asymmetric shape of the original gas 

pulse and a contribution from the incomplete supersonic ex-
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pansion at the pulse beginning and end. Saenger and co-wor­

kers20 have shown th가 the minimum safe pulse width to 

ensure complete supersonic expansions is of order of 10 ps. 

The present pulse width is sufficiently long to satisfy the 

above condition at the gas pulse center and short enough 

to keep the gas load to a minimum. For a pulsed valve ope­

rated with 5 atm pressure in the source, the pulsed beam 

flux at the ionization region is estimated to be more than 

IO20 atoms sr-1s-1 for He (see Appendix).

Cluster Beam Characterization. Supersonic expan­

sions provide unique environments to study the spectroscopy 

and dynamics of cold gas-phase molecules. They are also 

efficient sources of weakly bound clusters in elucidating the 

intra세uster ion-m이ecule reactions and the structures of clu­

sters.21,22 However, the distribution of cluster species formed 

in these expansions can make it very difficult to measure 

properties of a monomer or of a particular size cluster. Pul­

sed molecular beams, where the cluster distribution depends 

strongly on time within the pulse, are still more complicated. 

Further information on the beam properties of clusters inside 

pulsed molecular beams comes from measuring the intensity 

of different cluster ions as a function of time within the 

beam pulse.

The electron impact ionization combined with TOF mass 

spectrometry is a useful method for assessing the property 

of cluster beam. Figure 4 ilhistr값es typical timing parame­

ters for the synchronization of the injector trigger signal, 

the electron impact pulse, the ion detection, and the gate 

integration during the pulse wid比 measurements of various 

clusters in the molecular beam. Triggering the molecular 

beam valve starts the pulse sequence. After a delay to allow 

the sample molecules to reach the ionizer, a positive-going 

pulse coupled onto the electron-extractor electrode initiates 

the electron pulse. Fallowing a short delay, a positive pulse 

coupled onto the ion-extraction electrode accelerates the resu­

lting ions into the ion drift region. We choose the amplitude 

of this pulse to satisfy the space-focusing condition, and its 

duration is sufficient to ensure that all of the ions have ente­

Figure 5. Temporal profiles of various ammonia cluster beams 

as a function of the delay between opening the molecular beam 

valve and pulsing the electron beam. The peak intensities of 

the cluster signals have been normalized to facilitate comparisons 

between them. The molecular beam is expanded with 3% ammo­

nia seeded in 5 가m He.

red the drift region before the pulse ends. In this application, 

the temporal behavior of the ion signal in the detector of 

mass spectrometer reflects the evolution of the gas density 

in the ionization region, permitting accurate measurement 

of the temporal profiles of the each clusters.

Figure 5 displays the temporal distributions of various 

(NH3)„H+ clusters within a molecular beam of 3% NH3 see­

ded in 5 atm helium. The experiments were performed at 

a nozzle-ionization distance of 11.1 cm with skimmer. An 

interesting feature is observed; the molecular beam is classi­

fied into two groups having different velocity components. 

The fast beam component corresponds to the helium and 

ammonia monomer ion while the slow component consists 

of only ammonia clusters. This result indicates that the inhe­

rent pulsed nature of the gas flow has a profound effect 

on the cluster beam characteristics. So far, it has been known 

that if the mixture gas consists of a small fraction of smaple 

molecule (such as NH3 in this study) seeded in an excess 

of light carrier gas, the seed molecules will be accelerated 

to a speed, very nearly, equal to that of the carrier molecu­

les. The exact accordance of monomer ion signal with the 

temporal profile of He carrier gas suggests the validity of 

conventional concepts. It is quite surprising, however, that 

the velocity of cluster beam is slower than the helium and 

ammonia monomer beam. This velocity slip can be explained 

by the fact that a noncontinuum, translational relaxation ef­

fect23 between species within molecular beam occurs in the 

subsonic region of the nozzle, resulting in the variation of 

the mean velocities. The effective cluster formation during 

the initial acceleration stage in supersonic expansion provo­

kes the distinct molecular beam property which can be sepa­

rated into two components, e.g.t low mass (helium and am­

monia monomers) and high mass (ammonia clusters) beams.

Another distinct feature to be noted is that the p나Ise wid­

ths of clusters show a decreasing tendency with increasing 

cluster size. Although the cluster ion distribution, in general, 

do not relfect the explicit distribution of the neutral clusters, 

it provides a qualitative identification of the cluster property.
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"Data fitting has been optimized for 化= 730 m/s and S(O=63.6 

ps.

Table 1. Calculated stream temperatures of 

rsa

ammonia cluste-

Cluster size, (NH3)WH 2 3 5 7

Measured pulse width (卩s) 85.9 68.5 61.7 54.8

Stream temperature, Ts (K) 85 45 25 3

For example, neutral ammonia clusters greater than the tet­

ramer (NH3)4 can contribute to the temporal profile of (NH3)3 

H+ cluster ion (see Figure 5) through intracluster protona­

tion reaction and evaporation mechanism,24 whereas neutral 

trimer cannot. This unprecedented observation of temporal 

behavior of the clusters cannot be explained by a simple 

kinetic theory. One of the possible rationales of our result 

is that for the same vs and Ts the lighter species will have 

a larger velocity component in a direction perpendicular to 

the molecular beam axis, causing more lateral spreading. 

This means that the mass of the molecule, m, in Maxwell 

velocity distribution function gives a contribution to the tem­

poral broadening of the molecular beam. When we tried to 

simulate the cluster beam profiles with the detector response 

D(t) function, as described above, there was a significant 

discrepancy between the calculated waveforms and the actual 

data, indicating that another factor plays an important role 

to the cluster beam characteristics.

Anomalous behavior of cluster beam can be explained par­

tly by cooling effects of cluster temperatures. The clu아er 

temperatures obtained from our data fitting are listed in Ta­

ble 1. The stream temperature of cluster beam steeply dec­

reases with increasing cluster size. This is suggestive of the 

fact that the clustering of the gas molecules is an another 

factor affecting the beam property. The cooling of clusters 

produced in supersonic beams can proceed by two microsco­

pically distinct mechanisms. The first is collisional cooling, 

that is the relaxation of internal degrees of freedom by two- 

body collisions to the monomers and/or the carrier gas. The 

second mechanism is evaporative cooling, that is, unimolecu- 

lar dissociation of large metastable clusters, which proceeds 

throughout the time of transit up to the ionizing point, even 

after collisional cooling has ceased.

Conclusions

In this paper we have described the construction and per­

formance of a versatile, simple molecular beam source and 

demonstrated that this can be successfully used to produce 

short and intense molecular beam pulses. The generalized 

Maxwell equation has been used to investigate quantitatively 

the evolution of the stream temperatures, valve shutter func­

tion, and the unexpected beam characteristics in a supersonic 

expansion of a single component and seeded beam. The de­

sign and characteristics of this reliable, 10 Hz repetition rate 

pulsed molecular beam source should encourage the use of 

pulsed, supersonic molecular beams in an increasing number 

of applications. We are currently employing this design in 

our laboratory to study intracluster ion-molecule reaction and 

photofragment spectroscopy.
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Appendix: Estimation of Beam Flux

The beam flux F, can be estimated approximately from 

the beam profile using an equation derived from the free 

jet expansion. The throughput Q (defined as the quantity 

of gas flowing through a hole) of gas expanding from the 

orifice of a supersonic valve can be related to source condi­

tions23 by

。= (皿/丁())\/300/爲(做) (Al)

where C is a constant, Tc is the vacuum chamber tempera­

ture usually assumed to be at room temperature, To is the 

stagnation temperature, PQ is the stagnation pressure, and 

d is the diameter of the nozzle. The use of a pulsed valve 

can reduce Q considerably provided the duty cycle is small. 

The duty cycle is given by TpV where q is the pulse duration 

and v the repetition rate. Qp is then given by,

Q„ = (A2)

Using typical values for He (C—45 km~2s-1t To=3OO K, P°= 

5 atm, d=0.05 cm, q = 100 卩s FWHM, and v=l Hz), we 

obtain a pulse throughput of Q^=1.4X1018 atoms

In the differentially pumped two chamber MB/EI/TOFMS 

system, only a small central portion of the expanding gas 

is allowed to enter through a skimmer to the second (main) 

chamber where excitation and detection occur. The beam 

flux, Fd, through the ionization volume of detector is calcula­

ted by,

Fd—Qp/ Q (A3)

where the solid angle Q is given by,

Cl^A/L2 (A4)

In the equation A and L represent the area of the focal 

volume cross section (=196 mm2) and the nozzle to ioniza­

tion distance (11.1 cm), respectively. Therefore, the flux den­

sity is calculated to be 8.7 X IO20 atoms sr-1s-1.
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Single crystal EPR spectra of Ki2[As2Wi8O66Cu3(H2O)2] , 11H2O exhibit an orientation-dependent fine structure of 

an S=3/2 system which is accounted for by the exchange and magnetic dipole interactions among the three Cu2+ 

ions. The hyperfine structure and the lines from the S=l/2 manifolds have not been observed. The isotropic exchange 

parameters determined from the magnetic susceptibility data at 5-300 K are Ji=j2= —7.8 cm-1. The magnitude of 

J values suggests that the unpaired electrons on three Cu2+ ions interact through a sequence of six bonds involving 
two tungsten atoms and three oxygen atoms. The Cu-Cu distance, 4.37 A, determined from the EPR spectra is consider­

ably smaller than the value from the X-ray crystal structure determination, 4.76± 0.03 A, indicating that the point­

dipole model underestimates the dipolar interaction.

Introduction

Although EPR spectra of monomeric transition metal com­

plexes are well understood, a detailed description of the EPR 

spectra for oligomeric metal ion clusters is still in a devel­

oping stage. The EPR spectrum of the binuclear copper(II) 

acetate, first studied by Bleaney and Bowers in 1952,1 has 

revealed that both exchange and dipole-dipole interactions 

are important for this complex, in which the Cu-Cu separa­
tion is 2.6 A. When the metal-metal separation is large and 

the exchange interaction is small, the metal separation may 

be determined from the dipolar splitting in the EPR spectra.2 

This technique has been used to deduce the metal ion sepa­

rations for a number of dimers of copper(II), oxovanadium 

(IV), and titanium(III) which have unknown structure. The 

accuracy of the metal separations determined by this tech­

nique has not been tested with sufficient number of com­

pounds whose structures are known. In addition, when the 

principal axes of the two metal ions are not parallel, a pertu­

rbation expression can be derived only for zero exchange 

interaction.2 Recently we have found that both analysis of 

the EPR spectra and determination of the metal separation 

are not very reliable, if a small exchange interaction is neg­

lected for this type of compound.14

As the number of paramagnetic transition metal ions in­

creases, the EPR spectrum gets more complicated. In order 

to understand their EPR spectra, we need to study compou­

nds with known structures. Some polyoxometalates were 

suggested as good systems for studying magnetic interactions 

among the metal ions, and some powder EPR spectra have 

been reported.6 We have been studying single cryst지 EPR 

spectra of some polyoxometalates containing more than one 

paramagnetic transition metal ion. This paper reports the 

single crystal EPR spectra of a copper trimer, 

(H2O)2]12- (hereafter denoted as AS2CU3). The X-ray crystal 

structure of this anion (Figure 1) shows three Cu(II) ions 

sandwiched between two ASW9O33 subunits.4 There are two 

types of copper ions, arranged in an isosceles triangle; Cu(l) 

is in a square planar environment and Cu(2) and Cu(3), relat­

ed by a mirror plane, are in square pyramidal environments.


