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Measurement of the beam intensity in a laser desorption jet-cooling
mass spectrometer
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Nijmegen, The Netherlands

(Received 23 May 1995; accepted 29 June 1995

In a laser desorption jet-cooling molecular beam spectrometer the concentration of translationally
and internally cooled laser desorbed organic molecules that can be achieved is experimentally
determined. Sensitive direct absorption detection of laser desorbed jet-cooled diphenyiR#ine

via cavity ring down(CRD) spectroscopy on th&,;«S; transition around 308 nm is used to
measure the line-integrated absolute absorption of the pulse of laser desorbed DPA molecules. The
absolute cross section for the various vibrational bands of the electronic transition that is used, is
determined in a separate two-color ionization experiment. It is concluded that the optimum beam
intensity that is obtained with laser desorption is comparable to the beam intensity that is obtained
in the same spectrometer by conventional seeding of the desired species at a partial pressure of
1074, © 1995 American Institute of Physics.

INTRODUCTION known distance from the nozzle is accurately determined,
and this result is then compared to the density that can be

Over the last decade laser desorption techniques havghieved in a conventional seeding experiment. DPA is used

been applied in more and more sophisticated setups fags a test molecule in this study, but the obtained value for the

mass-spectrometric sample characterizatiband a variety |ine-integrated number density is expected to be more gen-

of laser desorption mass spectrometers are nowadays CoRrally valid; the optimum beam intensity of internally cooled

mercially available. When the advantages of laser desorptiofaser desorbed molecules is rather molecule independent as it

techniques are combined with the advantages of moleculag mainly determined by the amount of laser desorbed mate-

beam technique’’ a versatile apparatus emerges that can bejal that can be allowed in front of the nozzle without a

used both for mass-spectrometric sample analysis and fqollapse of the molecular beam.

optical spectroscopic studies of internally cooled organic

molecules that are hard to bring in the gas-phase

otherwise>~’ It has been demonstrated by various groups

that the detection sensitivity of such a laser desorption jet—EXPERIMENT

cooling molecular beam spectrometer is such that femto- |, Fig. 1 a scheme of the experimental setup is given.

grams of material are sufficient for a mass-spectrometrig; ;4 pulses are released by a pulsed véleedan Co., CA
analysis, and that mass-resolved wavelength spectra can i 5 0.5 mm diam nozzle opening. The valve operates with
ready be recorded using picograms .of matéﬂhi. many 2 par of Ar backing pressure at a 10 Hz repetition frequency
cases, however, the amount of material that is available fof., rejeases gas pulses of typically@FWHM) duration.
spectroscopic characteriza’;ion is not limited to picog_;rams,n front of the nozzle a sample holder is mounted to which a
and one would therefore like to know what the optimum; 3 piece of activated carbon, acting as a desorption ma-
bean‘_l intensity is that_one can reach following the laser defrix, saturated with diphenyl—amir@apor pressure at room
sorption approach. This beam intensity can then be compardmnerature around 16 mba is attached. At the time that
to the typical beam intensities that one can reach when conpe neak intensity of the Ar carrier gas pulse is above the
ventional seeding techniques are being used. _ desorption matrix, the desorption laser is fired. For desorp-
Here we report on the measurement of the concentratioy, the unfocused frequency-doubled output of a Nd:YAG
of “spectroscopic grade,” i.e., translationally and intemally |ser (approximately 1 mJ of 532 nnmia 1 mmdiam spot;
cold, laser desorbed organic molecules that can be achieved, Wi/cr?) is used. The use of activated carbon yields a
in a laser desorption jet-cooling mass spectrometer. For thigiaple source of DPA for many hours of operafidfi Accu-
the line integrated absolute absorption of a pulse of laseéfye positioning of the desorption substrate relative to the
desorbed diphenyl—amin®PA) molecules is measured in 5,516 opening as well as accurate alignment of the desorp-
the collision-free part of the jet-expansion via cavity 1ing tjon |aser spot along the molecular beam axis is needed for
down (CRD) spectrp;cop?/.The absolute absorption €ross gntimum beam intensity. The laser de-sorbed molecules are
section of the transitions that are used in the CRD measurgsyirained in the Ar gas pulse and are internally cooled by
ments are determined in a separate two-color, two-photof, siple collisions with the carrier gas atoms. This cooling
ionization experiment. From the combined results of bothyqcess can be as efficient as in conventional seeding experi-
measurements the line-integrated number density of DPA at g ants provided the desorption takes place very close to the
nozzle(within two nozzle diametejsand rotational tempera-
IE-mail: boog@sci.kun.nl tures down @ 5 K have been demonstrated using this
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FIG. 2. Schematic representation of the diphenylaniibiéA) molecule and

of the excitation and ionization schemes that are relevant for this study. The
FIG. 1. Scheme of the experimental setup. A small portion of the laser beariarious parameters that are used in the theoretical modeling of the measured
that is used for REMPI of laser desorbed jet-cooled DPA in the ionizationsaturation curves are indicated.

region is also used for the cavity ring down experiments that are performed

closer to the nozzle. The length of the ring down cavity is chosen such that

the CRD time matches to the spatial width of the DPA distribution, as . L . . )
described in the text. using this dye laser radiation. The ions produced in this pro-

cess are mass selectively detected in a Wiley—McLaren TOF
setup. At low laser fluencé<1.0 mJ/cn) the parent ion of

approactf. The pulse of laser desorbed molecules travelDPA (mass 169as well as of its°C isotope are the only ions
along the molecular beam axis through the skimmer into th@bserved. With a flight path of 60 cm a mass resolution of
differentially pumped detection chamber. M/AM =400 is obtained. The ion signal is detected by a dual

In the region between the nozzle and the skimmer theMCP detector, amplified and displayed on a digital oscillo-
laser desorbed molecules pass through an optical cavity iscope with a 10 ns sampling time and a 10 bit vertical reso-
which the direct absorption measurements via cavity rindution (LeCroy 9430. The data from the oscilloscope is read
down (CRD) are performed. The stable optical cavity is into a PC via a GPIB interface where they are further ma-
formed by two identical 25.4 mm diam plano-concave mir-nipulated and displayed. The PC also controls the scanning
rors with a radius of curvatune= —25 cm that are coated for of the dye laser as well as the settings of the digital delay
an optimum reflectivity around 308 nm and that are placedyeneratorgStanford Research DG585
18 cm away from each other. The optical axis of the cavity is  Due to a rapid intersystem crossifi§C), the lifetime of
perpendicular to the molecular beam axis and intersects thibe S; state of DPA is rather short. By scanning the time
molecular beam at a distance from the nozzle varying from Slelay between the excitation laser and another Nd:YAG
mm up to 20 mm. In the spectral region of interest for thispumped ionization laser in a two-colofl+1)-REMPI
study (305—-310 nm the mirrors have a reflectivitR of  scheme, we were not able to determine an accurate value for
around 99.6%. the S, lifetime of DPA, and concluded on an upper limit of

In the differentially pumped detection chamber the mo-the S;-state lifetime of 5 ng? In solution a value of 3 ns has
lecular beam enters the region between the extraction platéseen determined for the fluorescence lifetime of singlet ex-
of a linear time-of-flight TOF) setup, where it is intersected cited DPA"!? After intersystem crossing, the long-lived
perpendicularly with the counterpropagating beams of dariplet states of DPA can be detected using an ArF excimer
pulsed tunable dye laser and a broadband @33 nm) ex-  laser(193 nm; 6.42 eV for (time-delayedlionization out of
cimer laser. Tunable pulsed radiation in the 305—310 nnthe triplet manifold.
range is obtained via frequency doubling the output of a dye In the upper part of Fig. 3 both the one coldr+1)-
laser pumped by the second harmonic of a Nd:YAG laseREMPI spectrum and the two-col¢t+1)-REMPI spectrum
(Spectra Physics GCR 150/PDL-3/WEX combinajiofypi-  of laser desorbed jet-cooled DPA measured on the mass of
cally up to 5 mJ of tunable radiation with a bandwidth of the parent ion are shown. The spectra are corrected for laser
0.15 cm ! is obtained. intensity fluctuations and are measured under such condi-

As indicated schematically in Fig. Z1+1)-resonance tions that saturation effects are unimportant. Long progres-
enhanced multiphoton ionization can be performed on DP/sions in a torsional mod¢62.5 cm') and in a wagging
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reflecting mirror. The time dependence of the light intensity
00 i 1247 1867 in the stable optical cavity is monitored via detection of the
%0.1 1825 light that is leaking out through the other mirror with a pho-

\’@‘-4{ tomultiplier placed closely behind the outcoupling mirror,

outside the molecular beam machine. Using the same laser
beam in the ionization region and in the ring down cavity has
the advantage that all experimental parameters can be opti-
mized using the most sensitive detection scheme, i.e., the
REMPI scheme. A similar combination of ionization and
2-color REMP CRD detection schemes has recently been applied by
Saykally and co-workers in their study of copper silicid®s.
In switching from REMPI detection to CRD detection of
DPA only the timing of the dye laser relative to the desorp-
32450 32500 32550 32600 32650 tion laser has to be changed, and this by an amount that can
be accurately estimated.

If a monochromatic light pulse at frequeneys coupled
into an otherwise empty cavity, the ring down transient
I crpo(t) is a single exponentially decaying function of time
1530 with a 1k “cavity ring down time” #(») which is solely
determined by the reflectivitR(v) of the mirrors and the
optical pathlengthd between the mirrors. The presence of
absorbing species in the ring down cavity can now be de-
duced from a resulting decrease in the cavity ring down time.
%0 o0 smeo | am0o 52650 It follows, therefore, that in the more general caggp(t) is

frequency (em") proportional to

1-color REMPI

parent ion signal (arb. units)

153.5

1525

cavity ring down time (ns)

FIG. 3. Upper panel: One coIo(r’Hl)-REMPI spectrum and two-color | (t)oc xl(y)e*“T(V) dv 1)
(1+1)-REMPI spectrum of laser desorbed jet-cooled DPA measured on the CRD o ’

mass of the parent ion. In the two-color REMPI spectrum the ArF ionization

laser is delayed 150 ns relative to the excitation laser, and ionization i . .

performed out of the triplet manifold after rapid intersystem-crossing.§NhereT(V) IS given by
Lower panel: Cavity ring down absorption spectrum recorded at a distance
of 11 mm away from the nozzle under otherwise identical conditions. (v) d

P IR+ =07 (») FINi () dX]

@

mode(90.1 cm'}) of the phenyl rings as well as their com- and the sum is over all light scattering and absorbing species
bination bands are observed in the spectra. In the two-colovith frequency-dependent cross sectianév) and a line-
REMPI spectrum the ArF ionization laser is delayed 150 ngntegrated number densifj§N;(x)dx.%415
relative to the excitation laser, and ionization is performed  With the cavity designed as described above, the cavity
out of the triplet manifold after rapid intersystem crossing. Itmode spectrum is quasicontinudfigue to the lifting of the
is noted that the ions produced via one-cdlbt1)-REMPI  degeneracy of the longitudinal and transverse modes. As
of the dye laser and those produced via two-cdlbr1)-  long as the laser linewidth is spectrally narrower than the
REMPI via the combination of the dye laser and the excime@bsorption feature of the species under study, the time depen-
laser can be measured simultaneously as both groups @ence of the light intensity inside the cavity is correctly de-
DPA" ions arrive at the detector with a 150 ns time separascribed with a single exponentially decaying cutve’ It is
tion. From the close agreement between the REMPI spectraoted once more, that in a CRD experiment the rate of ab-
measured via the two distinctly different pathways it is con-sorption of a light pulse confined in a closed optical cavity is
cluded that in the spectral region up to a few hundredtm measured and the measurement is therefore independent of
above the vibrationless level in th®, state of DPA, the light source intensity fluctuations, as long as the spectral in-
intersystem crossing rate is not vibrational-mode selective. tensity distribution of the light stays constant from pulse to
pulse. The ring down transient is displayed on the same digi-
tal oscilloscope, and averaged over typically 25 laser pulses.
The averaged signal is read in by the PC and the character-
A small fraction of the pulsed dye laser beam that is usedstic ring down time is determined by fitting the natural loga-
for resonant excitation and ionization of DPA is split off after rithm of the data to a straight line, using a weighed least-
exiting the molecular beam machine, and is coupled into thequares fitting algorithm. The time constant that describes
ring down cavity for the measurement of the direct absorpthe decay of the empty cavity in our setup is around 150 ns,
tion of the jet-cooled DPA molecules. Typically, on the orderand the exact value of the lifetime can be determined to an
of 1 uJ of tunable radiatiomi a 2 mmdiam spot is directed accuracy better than 18, implying a noise-equivalent ab-
toward the cavity, and only a small fraction of tHisn the  sorption detection limit below 4 ppm per pass. It is noted that
order of 103 is coupled into the cavity through the highly in the description of the CRD experiment given here, it is

CRD DETECTION OF DPA

J. Chem. Phys., Vol. 103, No. 13, 1 October 1995
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exactly around this time a slight decrease in CRD time is
observed. In Fig. 4 both time-of-flight distributions are
shown on a horizontal axis that is scaled relative to the dis-
tance of the measurement point to the desorption point, and
there clearly is a good agreement. The size of the laser beam
in the cavity is on the order of 0.5 mm whereas the “length”
of the pulse of DPA is only slightly longer, so the relative
width of the lower TOF distribution in Fig. 4 is expected to
be larger than the one shown in the upper panel. It is noted
that with the cavity length as chosen, the total time interval
during which the CRD transient is measured is matched well
to the time that the pulse of DPA spends in the cavity. Atten-
tion is drawn to the vertical scale in the lower figure; a maxi-
mum decrease of 0.4 ns, corresponding to an absorption per
151.0 pass of 11 ppm, is observed.

With the time delay between the dye laser and the de-
sorption laser fixed at the value where the largest decrease in
CRD time is observed, i.e., around L4, a wavelength scan
is made with the dye laser to unambiguously demonstrate
that jet-cooled DPA is indeed responsible for the observed
decrease in CRD time. The absorption spectrum thus ob-
tained is shown in the lower part of Fig. 3, and all peaks
observed match well to the REMPI spectra displayed in the
upper panel of the same figure. On the strongest line the

relative decrease in CRD time is on the ordef4f 1)10 3.
149.0 =5 ~ o 200 5.0 As the decay t|m_e of 153 ns for th.e. 18 cm long e_mpty cavity
time delay of excitation rel. to desorption (s) implies an effective mirror reflectivitR=0.9961, it is con-
cluded that the maximum line integrated peak absorption
FIG. 4. Time-of-flight distributions of neutral laser desorbed jet-cooled pPAC(Y) ngDPA(X)dX is (16£4) ppm per pass.
molecules detected vi@) REMPI with parent ion detection at a distance of

10 cm from the nozzlgupper pang| and (ii) cavity ring down(CRD)
absorption at a distance of 11 mm from the nozibever panel.

parent ion signal (arb. units)
2]
=
L2

150.0 |

cavity decay time (ns)

ABSOLUTE CROSS-SECTION MEASUREMENTS

assumed that the density of absorbing species is constant To be able to extract an absolute number density of DPA
during the measurement time, which in our case amounts tmolecules from the measured direct absorption spectrum as
approximately 500 ns. shown in the lower panel of Fig. 3, the absolute value for the
In the upper part of Fig. 4 the time-of-flight distribution excitation cross section of DPA needs to be known. This
of laser desorbed jet-cooled DPA in Ar as measured in thealue can be determined by measuring the excitation effi-
ionization region via one-colofl+1)-REMPI on the origin  ciency on the various vibrational bands of tBg—S, tran-
of the S;—S, transition at 32 462.2 cnt is shown. On the sition of DPA as a function of a calibrated photon fluence,
horizontal axis the time delay of the excitation laser relativei.e., by measuring the saturation curve of tg—S;
to the desorption laser is indicated. As the distance betweetmansition'®=2! In principle, this can be done in a one-color
the nozzle and the center of the ionization region is 10 cm(1+1)-REMPI scheme where one expects a quadratic laser
the most probable velocity of the DPA is 76@5 m/s. This fluence dependence that changes into a linear one and even-
is somewhat higher than the expected velocity of Ar expandtually saturates with increasing laser fluence. It is important
ing from a reservoir at room temperature, implying that theto measure the total ion intensity in this process, as for high
actual temperature of the expanding gas is slightly abovéaser fluences severe fragmentation of the parent ion will
room temperature in this kind of pulsed valve, an observaeccur. The absorption cross section can be determined more
tion that has also been reported by othérk.is noted that accurately in the time-delayed two-coldd+1)-REMPI
the width of the velocity distribution corresponds to a trans-setup in which ionization is performed via the triplet mani-
lational temperature of 2.0 K, and to a length of the jet-fold after intersystem crossing. In this latter scheme, the in-
cooled DPA pulse in the ionization region of 6 mm. tensity of the ionization laser can be kept fixed at a value
Under otherwise identical experimental conditions, thewhere fragmentation does not yet occur, and the parent ion
CRD time has been measured as a function of the time delaptensity is measured as a function of the calibrated fluence
between the desorption laser and the dye laser, and is showafi the excitation laser. In addition, the excitation and ioniza-
in the lower part of Fig. 4. As the optical axis of the ring tion processes are now separated in time, amdvantedl
down cavity intersects the molecular beam axis 11 mntoherence effects are largely avoided. The saturation curve
downstream from the nozzle, the cloud of jet-cooled DPA iswill now simply change from linear to a saturated, laser flu-
expected to be in the cavity after approximatelydgl and ence independent, behavior when the excitation laser inten-

J. Chem. Phys., Vol. 103, No. 13, 1 October 1995
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sity is increased, as long as competing ionization from the
excited singlet state with the excitation laser can be ne-
glected.

In the rate-equation approach, which is applicable in this
case as the lasers employed have a rather large bandwidth
and the lifetime of the excited state of DPA is relatively
short, the following set of differential equations has to be
solved:

o
.

(34

dngg
dt
dng; — Oexdexc Oexd exc 00

dt Texdexe ~(Texd exct Ksit Osilexd 0 0 . . . ;
- 0.0e+00 2.0e+16 4.0e+16 6.0e+16 8.0e+16
dngy 0 Ket 00 *

2-color ion signal (a.u.)

dt 0 Osl exc 00
dnig

dt

() Z 3
Ngi(t)

Ny (t) ©
ns(t)

In these equationsg, Ng;, Ny;, andng are the number
densities of DPA molecules in the electronic ground state, in
the excited singlet state, in the triplet manifold and the num-
ber of ions produced via the excited singlet state in a one- r
color (1+1)-REMPI scheme, respectively. The various cross
sections and excitation fluences together with the intersystem ‘ ‘ ‘ . .
crossing rateé; are indicated in Fig. 2. As prior to the exci- 000400 20e+16 4.0e+16 6.0e+16 _8.0e+16  1.0e+17
tation laser pulse all the population is in the electronic photon density (cm™)
ground staténg,(t=0)= Nppal, the population in the triplet
manifold (ny,) and the number of ions produced in a one-FiG. 5. Experimentally measured and fitted saturation curves employing
color (1+1)-REMPI scheme via the excited singlet state either time-delayed300 ng ionization with the ArF laser from the triplet

— ; manifold (upper panelor direct ionization out of the excited singlet state
(n'S) atthe end of the dye laser DUIGHt T) can be written with the same laser that is used for resonant excitdiimmer panel.

1-color ion signal (a.u.)

as
o) = Y g-e . - |
Ksit ogil exc| N — N tion pathway is given as a function of the fluence of the
N resonant excitation laser. The laser is kept fixed in wave-
- M——)\f(l_eMT) Nppa, (4) ![ength on f[he electronic origin of th®, « S, transition. The _
otal ion yield averaged over 20 laser shots is measured si-
ool o multar_1eously with the averaged excitatic_)n laser fluence'. The
nis(T)= K nt1(T), (5) latter is measured on a relative scale with a photomultiplier
st tube, and only afterward put on an absolute scale by measur-
where\ .. are defined as ing the laser power with a calibrated power meter. In this
1 measurement only the central 1.0 mm diam portion of the
Ne=~[oedexct 2(Ksit Osilexd] excitation laser beam is coupled into the molecular beam

2, /1 2 machine through a well-defined mask; the spatial intensity

+\( Texd exd "1 (3(Kst Ol exd)) - © distribution over this 1.0 mm diam area varies less than 20%.

In the one-color(1+1)-REMPI scheme the quantity The beam size of the ArF ionization laser is chosen some-
n,s(T) is measured, whereas in the two-color time-delayedvhat larger than that of the excitation laser. The intensity of
(1+1)-REMPI detection scheme the number of ions pro-the ArF laser is attenuated using a variable filter to such an
duced via the triplet manifold with the ArF ionization laser is extent that the two-photon nonresonant ionization of ground-
measured. The latter quantity is directly proportional tostate DPA that it can induce is not detectable any longer.
n.41(T), with the proportionality constant determined by the The data given in Fig. 5 are fitted to the expressions
laser fluence of the ArF laser and the cross section for singledescribed above. Compared to the intersystem-crossing rate
photon ionization out of the triplet manifold. k¢ the ionization out of the singlet state with the excitation

In Fig. 5 a measurement of the total ion yield, i.e., alllaser, i.e.,o4l o appears to be only a minor loss channel,
fragment ions are detected as well, of DPA via either ioniza€even up to the highest excitation laser fluences that have

J. Chem. Phys., Vol. 103, No. 13, 1 October 1995



5274 M. G. H. Boogaarts and G. Meijer: Laser desorption mass spectrometer

been used. This is most directly seen in the upper panel degral along a line with a varying DPA concentration by an
Fig. 5; if the ionization out of the singlet state would com- averaged DPA concentration tismva 3 mmwidth of the DPA
pete with the intersystem crossing rate, the measured curygckage. This then results in an approximate DPA number
would bend downward for high laser fluences but instead itlensity on the axis of the molecular beam machine at an 11
remains more or less flat. It turned out to be impossible to fimm distance from the nozzle ®fypa~3x10" cm™3. This

all three unknown parameters,,, Ky, and og, simulta- number density is estimated to be correct within a factor of
neously. Best agreement with the experimental results is ol2.

tained wherk, is set equal to $10° s™* (corresponding to This number density can be compared to the number
an excited state lifetime of around 3)n3he resonant exci- density that can be reached in a conventional seeding
tation cross section can be rather accurately determined &speriment and it is concluded that the on-axis beam inten-
Toxe=(1.170.2)x10 ¢ cn?, whereas an upper limit for the sity is comparable to seeding a molecule in the same beam
cross section for ionization out of the singlet state is determachine at a partial pressure of 0i.e., it is comparable to
mined aso4<5X10" '8 cn?. The latter value for the ioniza- the situation in which a molecule with a vapor pressure of
tion cross section implies that even at the largest laser flud.1 mbar is seeded in 1 bar of Ar. It is indeed experimentally
ences employed, the produetl ., is less than 0.%,. The  observed that seeding aniline, which has a 0.4 mbar vapor
correctly scaled fit thus obtained is shown together with thgressure at room temperature but also a factor four smaller
measurements in both panels of Fig. 5. Similar measureexcitation cross sectiéfithan DPA, in 1 bar Ar in the same
ments have been performed for all the vibrational bands thdteam machine results in spectra of comparable intensity as
are shown in the spectra of Fig. 3, and the relative intensitpbserved for laser desorbed DPA.

of the absolute values for the excitation cross sections deter-

mined for these bands match well to the intensity distributionrACKNOWLEDGMENTS

as shown in the REMPI spectra. The vibrational band that
showed an absorption @i6+4) ppm per pass in the CRD
measurements is determined to have a peak absorption cr
sectiono,,. of (1.6+0.3x101° cn?.

This work is part of the research program of the
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