
Reply to reviews 

Note: all Page and Line numbers in our reply refer to the revised manuscript showing track changes. 

 

Referee #1: 

General Overview: 

The ŵaŶusĐƌipt, ͞The ioŶ tƌap aeƌosol ŵass speĐtƌoŵeteƌ: iŵpƌoǀed desigŶ, fiƌst field deploǇŵeŶt, 
and the capability of differentiating organic compound classes via MS-M“͟ ďǇ FaĐhiŶgeƌ et al. 
provides a useful next step in describing a tandem mass spectrometer (IT-AMS) for analysis of 

organic aerosols. The portions of the manuscript dealing with MSn capabilities and the field 

deployment are of particular interest and offer the reader new information. However, the parts of 

this manuscript outlining improvements to the instrument first presented by Kürten et al. IJMS 2007, 

and alluded to in Fachinger (Mainz thesis 2012) do not seem to be significant advances to the 

instrument or its capabilities to warrant publication in their own right in their current state and 

should play a more diminished role than suggested by the title of the article. Furthermore, as the 

Fachinger thesis is published in German it is not accessible to the non-German speaking audience of 

AMT, and asking the audience to refer to this paper to describe in detail the improvements to the 

instrument is unhelpful to the reader. In addition, as a thesis has not undergone outside and 

anonymous peer review, the statements in a thesis cannot be relied upon to the extent used in this 

manuscript. 

The paper claims the IT-AM“ is ͞Đapaďle͟ of ƋuaŶtitatiǀe ŵeasuƌeŵeŶts iŶ the field ďut the 
instrument was not calibrated in the field using an external standard as to yield a series of mass 

concentrations over time. The capability of an instrument to be quantitative needs to be backed up 

with lab or field experiments where the instrument actually is calibrated and determined to be 

quantitative. It would have been helpful if more information on the field calibration of the IT-AMS 

and TOF-AMS were given. 

There is enough new information in this manuscript however, to support the publication of this 

manuscript in AMT if the following major corrections are made. I recommend resubmitting the 

manuscript after concerns with calibration and references to the Fachinger 2012 thesis are 

addressed. 

 

We thank the reviewer for his/her very thoughtful review and the valuable and constructive 

comments. The reasoning behind omitting some technical details and referring to the PhD thesis 

instead was to ensure easier readability. However, as the reviewer correctly points out, the paper 

should be able to be understood by itself, without needing to refer to the PhD thesis. Therefore, we 

added more technical details to the revised version instead of referring to the thesis, as detailed in 

the replies to the specific comments below. 

Regarding the calibration, we do not completely agƌee ǁith the ƌeǀieǁeƌ’s ĐoŵŵeŶt. Kürten et al. 

(2007) already demonstrated the capability of the IT-AMS to quantify nitrate mass concentrations 

after performing laboratory calibrations using pure ammonium nitrate particles. In our work the IT-



AMS instead was calibrated in the field by comparison to the ToF-AMS data. We do not see the 

fundamental disadvantage in calibrating an instrument by comparison with an independently 

calibrated similar instrument (here: the ToF-AMS) compared to a calibration by indirect comparison 

with data calculated from a completely different instrument (e.g. mass concentrations calculated 

from CPC data and particle sizes determined with a DMA). The applied method also adds valuable 

new information on relative ionization efficiencies of organics and sulphate, as discussed in the 

replies to the speĐifiĐ ĐoŵŵeŶts ďeloǁ; iŶ light of the ƌeǀieǁeƌ’s ĐoŵŵeŶt, ǁe added this disĐussioŶ 
also in the revised manuscript. We also added more details on the calibration of the reference 

instrument (the ToF-AMS) and on how the IT-AMS was calibrated using the ToF-AMS. See also the 

replies to the specific comments below for further details. 

We thoroughlǇ ƌeǀised the ǁhole ŵaŶusĐƌipt aĐĐoƌdiŶg to the detailed ƌeǀieǁeƌ’s ĐoŵŵeŶts ;see 
ďeloǁͿ, aŶd hope to theƌeďǇ haǀe Đleaƌed all of the ƌeǀieǁeƌ’s ĐoŶĐeƌŶs. 

 

Review of content 

Major concerns: 

͞Iŵpƌoǀed DesigŶ͟ – the Kürten et al 2007 paper referenced no need for an improvement in design 

in order to provide mass concentrations of aerosol components or to become field deployable. To 

state then in this manuscript that major improvements were needed to make the instrument field 

deployable leaves the reader questioning the validity of the claim. Of course minor improvements to 

instrumental design and software modifications normally occur over time but the improvements 

mentioned could not be published as a stand-alone paper as they do not fundamentally change how 

the instrument is operated, but only offer minor improvements on existing systems. In my opinion, 

the ͞iŵpƌoǀeŵeŶts͟ to the iŶstƌuŵeŶt ǁeƌe aŶtidotal uŶless a diƌeĐt ďefoƌe afteƌ ĐoŵpaƌisoŶ of 
performance characteristics is given. Furthermore, the Fachinger thesis is asked to be referred to but 

it is not written in English in which AMT is published. This limits to usefulness of this citation in the 

following two ways. First a thesis has not undergone scientific peer-ƌeǀieǁ ďeǇoŶd the studeŶt’s 
examination committee, and secondly, it is written in German which limits its usefulness to only 

those AMT readers fluent in both English and German. This major concern can be addressed in one of 

the following ways. 1. Omit much of the section dealing with the instrument modifications and focus 

on the TOF-IMS intercomparison and the MSn data, or 2. expand this section to include a more 

detailed explanation of the instrument not requiring as much reference to the Fachinger thesis. 

While the instrument as described by Kürten et al. (2007) was running stable in the laboratory and in 

principle would have been field deployable (in the sense of providing aerosol mass concentrations 

also in the field), it would have been a major effort to put it in the field and get it to run in a limited 

amount of time, as typical for a measurement campaign. The modifications made to the instrument 

were indispensable in order for the instrument to be set up in a reasonable amount of time, and 

from the get-go running stable without the need for further tuning etc. Therefore we think the 

statement that only the modifications allowed for a field deployment is justified, as setting an 

instrument up in a reasonable amount of time is one of the major criteria in order to determine 

whether an iŶstƌuŵeŶt is ƌeallǇ ͞fit͟ to ďe field-deployed. However, also in light of some other 

comments by the reviewer, we changed the title to put the focus less on the modifications and the 

field deployment, and more to the overall comparability to the ToF-AMS (see reply to comment 



below). Although they might not justify a stand-alone paper, we think it is important and well within 

the scope of AMT to report the technical modifications made to the instrument described by Kürten 

et al. (2007), as also pointed out by referee #2. In order to avoid referencing the Fachinger (2012) 

thesis, we added more technical details on these modifications in several locations, see replies to 

comments below. 

͞Fiƌst field deploǇŵeŶt͟ - The IT-AMS vs Q-AMS intercomparison for nitrate in Kürten et al 2007 

seemed to already be the first field deployment of the IT-AMS instrument although not in its 

currently modified state. Furthermore, because the instrument was calibrated it was able to give a 

mass concentration time series, which was not done in the current manuscript. Since the IT-AMS had 

already been field deployed (although perhaps locally in Mainz) and intercomapared to a Q-AMS, the 

claim here in the title that this is the first field deployment seems overstated. 

While it is true that the IT-AMS in its previous version (as described by Kürten et al., 2007) already 

measured ambient aerosol by fitting an inlet line from outside the laboratory to the instrument, it 

was not deployed outside the laboratory (i.e., deployed after moving it from the lab to a different 

place – the ͞field͟, getting it running again in a limited amount of time, under non-laboratory 

conditions, etc. – i.e., all the procedures associated with a typical field measurement campaign 

outside the ͞hoŵe͟ laďoƌatoƌǇͿ. So indeed the instrument in its current state for the first time was 

deployed in the field (i.e., outside the laboratory), which was only possible with reasonable effort 

due to the technical improvements described in the manuscript. However, also in light of the next 

comment, we changed the title to focus more on the comparability with the ToF-AMS instead of the 

instrumental modifications (see reply to next comment). 

Suggestions for the title: I suggest rewording the title and refocus the paper to focus less on 

iŵpƌoǀeŵeŶts to the iŶstƌuŵeŶt aŶd this ďeiŶg the ͞fiƌst͟ field deploǇŵeŶt aŶd ŵoƌe oŶ the M“Ŷ 
capabilities and intercomparison with the TOF-AMS. 

We changed the title to ͞The ioŶ tƌap aeƌosol ŵass speĐtƌoŵeteƌ: field intercomparison with the 

ToF-AMS and the capability of differentiating organic compound classes via MS-M“͟ in order to have 

it focusing less on the technical modifications, as suggested by the reviewer. 

Quantification and intercomparison: Additional experiments in which the TOF-AMS and the IT-AMS 

are both calibrated with externally generated aerosol of known mass concentration should be 

presented. This type of calibration would validate the IT-AMS calibration method presented in the 

article as was done for nitrate in the Kürten et al. 2007 paper where both instruments were sampling 

the same laboratory generated aerosol sample. The IT-AMS results were thus only given in ion rate 

which the TOF-AMS results were given in mass concentration (μg/m3) but neither seemed to be 

calibrated in the field. The reader is left with the question as to why the IT-AMS not was not 

intercompared with the TOF-AMS in the field using laboratory generated aerosol. If an 

intercomparison (similar to that described in the Kürten et al 2007 paper) was conducted, it should 

be included in the manuscript. If the intercomparison was not done I would suggest conducting the 

intercomparison after the fact using the same instrument parameters as when the instruments were 

in the field. Not having any field or lab intercomparison so that both instruments are analyzing the 

same limits the usefulness of the data presented in this manuscript to other readers. For instance it is 

important to see if one instrument is reading a higher or lower mass concentration than the other 

which can offer insight into inlet effects, instrument specific contamination, or bias in one instrument 

over the other. Furthermore, presenting IT-AMS only in ion counts makes it difficult for others in the 



field to compare their data with the data in this manuscript. Without the intercomparison only the 

linearity (R2) of the IT-AMS ion rate vs. TOF-AMS mass concentration can be assessed which is done 

in this manuscript. But the IT-AMS limit of detection thus relies on the performance of both the IT-

AMS and the TOF-AMS which limits the usefulness of this data and suggests to others that a TOF-

AMS must be deployed whenever an IT-AMS is deployed in order make quantitative determinations. 

Calibration of the IT-AMS against mass concentrations determined by the independently carefully 

calibrated ToF-AMS is not fundamentally different to a calibration of the IT-AMS against mass 

concentrations determined from other measurements like CPC concentrations of size-resolved 

laboratory particles. This is identical to the regular practice for calibration of several kinds of aerosol 

instruments and other measurement instruments by manufacturers. The main difference is that this 

kind of indirect calibration has the potential for slightly increased uncertainty compared to a direct 

calibration using a standard. We therefore do not agree with the reviewer that the calibration against 

the ToF-AMS, as performed in this work, limits the usefulness of the insights gained from the 

comparison, especially since we have shown that there was no temporal variability in the 

relationship between the data of both instruments. 

Furthermore, it was already shown by Kürten et al. (2007) for both sulfate and nitrate that the IT-

AMS responds linearly to changes in mass concentration. It was also shown by Kürten et al. (2007) 

that independent calibration of IT-AMS and Q-AMS with ammonium nitrate leads to comparable 

nitrate mass concentrations obtained from both instruments in ambient measurements. Therefore, 

the overall comparability of the IT-AMS to Q-AMS (and therefore also ToF-AMS) mass concentration 

readings is already validated. 

In this work, we calibrate the IT-AMS not only for nitrate, but also for sulfate and organics using the 

independently calibrated ToF-AMS mass concentrations. By this means, we can calculate relative 

ionization efficiency (RIE) values for the IT-AMS for both sulfate and organics with respect to nitrate. 

We obtain values of 0.4 for sulfate, and 1.7 for organics. This slightly higher value for organics 

compared to the one used for the ToF-AMS is in line with the slightly better ion transmission 

efficiency at higher m/z for the IT-AMS, as described in Sect. 4.1 of the manuscript. For sulfate, an RIE 

value of 0.4 is found, which is significantly smaller than the RIE value of the ToF-AMS (1.2). This is in 

line with the depletion of the sulfate fragment ions within the IT-AMS, as also discussed in Sect. 4.1. 

While of course these RIE values can be further constrained and improved in additional 

measurements, they already give a good first estimate of RIE values needed when the IT-AMS is 

calibrated with ammonium nitrate, like it is regularly done for the ToF-AMS. We therefore think that 

the comparison with the ToF-AMS gives valuable new insight into the response of the IT-AMS to the 

major species apart from nitrate (i.e., sulfate and organics). We have included this discussion on RIE 

values in the revised version of the manuscript (P8 L32-P10 L12), also in line with the requested 

stronger focus on the IT-AMS / ToF-AMS intercomparison: 

͞From the calibration of the IT-AMS against the ToF-AMS, furthermore relative ionisation efficiency 

(RIE) values for sulphate and organics can be calculated for the IT-AMS. The relative ionisation 

efficiency is a constant factor with which the ionisation efficiency (determined in calibrations using 

ammonium nitrate) is multiplied in order to get the species-dependent ionisation efficiency. In order 

to determine these RIEs, the slope obtained for nitrate from the correlation depicted in Fig. 3 (inlay) 

is related to those determined for organics and sulphate, respectively. By this means, RIE values of 

0.4 for sulphate and of 1.7 for organics were found. For organics, this is slightly higher than the RIE 



value of 1.4 used for the ToF-AMS, consistent with the slightly higher ion transmission of the IT-AMS 

for larger m/z (to which mostly organics are contributing). For sulphate, the RIE of 0.4 is much 

smaller than the sulphate RIE value typically used for the ToF-AMS (1.2), consistent with the 

depletion of sulphate-related ions in the IT-AMS, as described above. It also has to be kept in mind 

that even without those influences, not exactly the same RIE values as for the ToF-AMS can be 

expected due to the use of a simplified fragmentation pattern table (see Sect. 3). 

By calibrating the IT-AMS for nitrate as demonstrated by Kürten et al. (2007), with the RIE values 

determined here the mass concentrations of sulphate and organics can be directly obtained from IT-

AMS measurements. Note, however, that RIE values might change with different accumulation and 

reaction times, and therefore need to be newly measured when changing the instrumental settings.͟ 

 

In order for the data to be comparable to other measurements, we also converted the ion rates given 

in Fig. 3 to mass concentrations using the calibration against the ToF-AMS. We now report both ion 

rates and absolute mass concentrations of the IT-AMS for the three species organics, nitrate and 

sulfate in Fig. 3. The mass concentrations derived for the IT-AMS (corrected for ammonium and black 

carbon) within the uncertainty agree well within those of independent PM1 measurements, further 

validating the calibration against the ToF-AMS, as we now also discuss (P9, L19-24): 

͞The mass concentration time series derived from the IT-AMS measurements using the linear 

correlation with the ToF-AMS measurement (Fig. 3, inlays) within their uncertainty agree well with 

those of co-located measurements: the sum of black carbon (from MAAP) with IT-AMS sulphate, 

nitrate, and organics and corrected for the missing species ammonium by assuming fully neutralised 

aerosol (as expected for regional background aerosol and validated by the ToF-AMS measurements) 

correlates well with the total PM1 mass concentration measured with the EDM (slope = 1.03, R2 = 

0.64 for 1 h data).͟ 

We also want to stress that the reǀieǁeƌ’s stateŵeŶt ͞Ŷeitheƌ seeŵed to ďe Đaliďƌated iŶ the field͟ is 
not correct. The ToF-AMS was calibrated directly prior to the campaign, and as discussed in response 

to some comments below, we are very confident that this calibration is valid throughout the field 

measurement, so the ToF-AMS indeed serves as a valid, calibrated reference instrument. 

We therefore also do not agree with the statement that ͞the IT-AMS limit of detection thus relies on 

the performance of both the IT-AMS and the TOF-AMS which limits the usefulness of this data and 

suggests to others that a TOF-AMS must be deployed whenever an IT-AMS is deployed in order make 

quantitative determinations.͟ The ToF-AMS here serves as reference instrument, and the IT-AMS 

data are calibrated using the ToF-AMS data. As we have shown in the manuscript, this calibration 

using the ToF-AMS is stable over time, making the once calibrated IT-AMS an instrument which can 

operate as independently as any other AMS. Of course the ToF-AMS data come with some 

uncertainty, but so would data acquired in other independent measurements like mass 

concentration calculated from a CPC measurement of size-selected particles of known composition. 

However, we agree that the uncertainty of the derived IT-AMS mass concentrations needs to be 

stated, and have included this in the manuscript (see reply to comment below). With the results from 

this work, it is possible to quantify organic and sulphate mass concentrations in addition to nitrate 

mass concentrations, by only calibrating with ammonium nitrate and using RIE values for sulphate 

and organics, as done regularly for the ToF-AMS. There is no question that additional measurements 



with laboratory-generated aerosol of various substances (as suggested by the reviewer) are desirable 

in the future to further constrain the RIE values determined here. This however should be done as a 

function of IT-AMS instrument settings and would be a whole study in itself and is outside the scope 

of the present manuscript. 

 

Specific comments pertaining to content: 

Page 2 

Section 1: Introduction 

In general – 

 One of the benefits of ion traps is the capability of ion/molecule reactions inside the trap 

which can also be utilized to differentiate isobaric or isomeric ions. This concept should be 

mentioned as an advantage of ion traps especially since the authors mention the possibility 

of disadvantageous ion/molecule reactions later in the manuscript. 

 The manuscript could be improved by providing references to show the usefulness of 

differentiating between carboxylic acids and sugars in aerosols. 

We added the mention of ion/molecule reactions in ion traps for structure determination to the 

introduction (P3, L1-2): 

͞AdditioŶallǇ, ioŶ/ŵoleĐule ƌeaĐtioŶs iŶside the ion trap can be utilized in order to differentiate 

between isobaric or isomeric ions (e.g., Kascheres and Cooks, 1988).͞ 

We also added a general statement on the usefulness of the differentiation of sugars and carboxylic 

acids for source apportionment, including a reference regarding the different sources of sugars and 

carboxylic acids in atmospheric aerosol (P3, L21-24): 

͞Since sugars and carboxylic acids can be associated with different aerosol sources (sugars originate 

e.g. from biomass burning or primary biological material, while carboxylic acids originate e.g. from 

photo-oxidation of organic precursors (Graham et al., 2003)), this would help in further improving 

the differentiation of various organic aerosol components and therefore in source apportionment of 

atmospheric organic aerosol.͟ 

LiŶe ϭϭ: Please ďe ŵoƌe speĐifiĐ iŶ ǁhat tǇpes of ͞ŵatheŵatiĐal algoƌithŵs͟ haǀe ďeeŶ used. 

This is specified in the provided reference (Allan et al., 2004): different species contributing to 

ambient aerosol are deconvoluted according to their typical fragmentation pattern. We changed 

͞ŵatheŵatiĐal algoƌithŵs͟ to ͞a mathematical deconvolution algoƌithŵ͟ to ďe ŵoƌe speĐifiĐ; 
additional information can be found in the provided reference. 

LiŶe ϭϰ: Not suƌe ǁhat ͞a paƌtial loss of ŵoleĐulaƌ iŶfoƌŵatioŶ͟ is ƌefeƌƌiŶg to speĐifiĐallǇ. Do Ǉou 
mean that the ionization could be so complete as to eliminate the molecular ion peak? Or do you 

mean that hard ionization makes the interpretation of a mixture more difficult? Of course the m/z of 

the fragments gives much molecular information, however I am guessing the authors probably meant 

that the molecular ion m/z is lost especially for higher molar mass ions. 



Yes, we refer to the fact that fragmentation is very strong and therefore the molecular ion as well as 

other larger fragment ions typically are not present in the mass spectrum. We clarified by adding: 

͞;e.g., typically no molecular ion is observedͿ͟ ;PϮ, Lϭϰ-15) 

Line 13-17 – ͞OŶ the otheƌ haŶd͟ - I am not sure what information the author is trying to convey 

heƌe as EI does Ŷot ͞ƌeduĐe͟ ĐoŵpleǆitǇ of the ŵass speĐtƌuŵ ďut iŶĐƌeases it Đoŵpaƌed to soft 
ionization methods such as chemical ionization. In fact EI of mixtures creates additional complexity 

which is what the previous sentence addresses requiring the incorporation of mathematical 

algorithms. 

Yes and no – this depends on the perspective from which one is looking at it. We refer here to 

mixtures of many different organic compounds as typical for ambient organic aerosols, not to the 

mass spectrum of one individual compound. To simplify, the EI mass spectrum of a single compound 

is more complex (i.e., contains a much larger number of fragments) than a mass spectrum obtained 

after soft ionization, which is what the reviewer is referring to. However, when looking at 

atmospheric mixtures of organic molecules, soft ionization will (in the extreme case) produce a 

molecular ion of each single type of molecule, which (again, oversimplified and exaggerated) will 

result in a single m/z line for each of the thousands of molecules, which contains a lot of information 

but can be hard to interpret. In contrast, EI reduces very different complex molecules to typical, 

common fragment ions, so while the mass spectrum of a single compound using EI might be more 

complex, the mass spectrum of a mixture of thousands of different molecules is much simpler to 

interpret (however, can be interpreted only to a lower degree due to the loss of molecular 

information) than such a mass spectrum from soft ionization, since the information is already 

ƌeduĐed to the ͞ĐoŵŵoŶ͟ fƌagŵeŶts ;i.e., some molecular features the different types of molecules 

have in common). We clarified this by adding (P2, L15-16): 

͞On the other hand, since different molecules containing the same sub-structure will be reduced to 

the same fragment ions, …͟ 

Line 15-16 : ͞ǁhile soŵe iŵpoƌtaŶt iŶfoƌŵatioŶ oŶ the oƌigiŶal ŵoleĐulaƌ stƌuĐtuƌes aƌe still 
ƌetaiŶed͟ - Please state what information is retained. Molecular ion m/z is retained but molecular 

structure is determined from the fragmentation pattern which in a mixture can be convoluted which 

requires the mathematical algorithms referred to previously. 

We hope this is now clarified by our replies to the two previous comments. We are not referring to 

the molecular ion here, but to the fragment ions which still contain some information on the 

structure of the original molecule. We clarified this in the revision (P2, L18): 

͞…while some important information on the original molecular structures are still retained in these 

common fragment ions,…͟ 

LiŶe Ϯϲ: ͞diffeƌeŶtiatioŶ ďetǁeen fragment ions of the same elemental composition, but with 

diffeƌeŶt stƌuĐtuƌal foƌŵulas.͟ Is theƌe a ŵoƌe ĐoŶĐise sĐieŶtifiĐ teƌŵ foƌ these tǇpes of ioŶs suĐh as 
͞isoŵeƌiĐ ioŶs͟ that Đould ďe used oƌ defiŶed heƌe? 

We added the defiŶitioŶ ͞;i.e., isoŵeƌiĐ ioŶsͿ͟ to the seŶteŶĐe. 

Page 3: 



Paragraph 1: I am at a loss as to how a hard ionization technique such as Thermal Desorption (which 

Đauses soŵe fƌagƌŵeŶtatioŶͿ Đoupled to EI ǁhiĐh is a ͞haƌd͟ ioŶizatioŶ souƌĐe, Đould pƌoǀide ͞a 
strong reduction in ĐoŵpleǆitǇ of oƌgaŶiĐ aeƌosol ŵass speĐtƌa͟ Đoŵpaƌed to soft ioŶizatioŶ souƌĐes. 
Does ͞With these sǇsteŵs͟ iŶ liŶe ϴ ƌefeƌ to the IT-AMS or in fact are you referring to the soft 

ionization sourced listed before the paragraph shifts to talk of the IT-AMS. Hard ionization produces 

more fragments and thus more complexity especially for mixtures of molecules. Soft ionization 

produces less fragments and thus a less complex mass spectra. 

As already discussed in the reply to a similar comment above, this pretty much depends on the point 

of view under which this is looked at and on the number of different species within the sample. 

Indeed, as the reviewer states, much more fragmentation occurs iŶ the ͞haƌdeƌ͟ 
desorption/ionization technique as used in the IT-AMS thaŶ ǁith ͞soft͟ ioŶizatioŶ teĐhŶiƋues. 
Therefore, the EI ŵass speĐtƌuŵ oďtaiŶed fƌoŵ a siŶgle ĐoŵpouŶd ǁill ďe ŵuĐh ŵoƌe ͞Đoŵpleǆ͟ 
than one obtained from a soft ionization technique, where ideally only the molecular ions are visible. 

However, when dealing with atmospheric aerosol, such might not be desirable (at least not in a one-

dimensional analysis technique): the thousands of different molecules present in ambient aerosol 

potentially all would give a different molecular ion signal. This means that in order to characterize 

ambient organic aerosol calibration measurements for a large number of different chemical 

ĐoŵpouŶds ŵight ďe Ŷeeded. If usiŶg a ͞haƌdeƌ͟ ioŶizatioŶ teĐhŶiƋue, these ŵoleĐules aƌe iŶstead 
broken down to smaller fragments. Therefore, molecules which would give different molecular ions 

but which contain the same molecular groups will give the same m/z signal in such a mass spectrum, 

aŶd ǁill ďe ͞gƌouped togetheƌ͟. If lookiŶg at aŶ ͞aŵďieŶt oƌgaŶiĐ͟ ŵass speĐtƌuŵ, theƌefoƌe the 
complexity of the mass spectrum will be reduced, simply because there might be thousands of 

different molecules (which in the extreme case all would give a different molecular ion mass spectral 

signal in the soft ionization), which however all are broken down to a limited Ŷuŵďeƌ of ͞tǇpiĐal͟ 
fragment ions. This strongly reduces the complexity to deal with when measuring ambient organic 

aeƌosol, siŶĐe ͞gƌoups͟ of ĐoŵpouŶd tǇpes ĐaŶ ďe ƌegaƌded ƌatheƌ thaŶ iŶdiǀidual ĐoŵpouŶds. Of 

course therefore no or only limited information on individual compounds can be gained with this 

method; for this, soft ionization methods (rather than thermal desorption / electron impact 

ionization) are needed, which preserve the molecular ion. 

We tried to clarify this in the introduction: 

͞With these systems, a strong reduction in complexity of ambient organic aerosol mass spectra 

(which consist of a large number of different organic ŵoleĐulesͿ is aĐhieǀed Đoŵpaƌed to ͞soft͟ 
ionisation techniques, …͟ (P3 L9-11), 

and also in some other places as already discussed in the replies to comments above. 

Line 10-13: The Kürten et al. 2007 paper states in its abstract that the instrument at that point was 

ready for field deployment. I am not convinced that field deployment was impossible without the 

modifications to the instrument described in this paper. This discrepancy needs to be resolved. Either 

the iŶstƌuŵeŶt ǁas ƌeadǇ foƌ field deploǇŵeŶt iŶ the ϮϬϬϳ papeƌ oƌ it ǁasŶ’t. As the IT-MS was not 

Đaliďƌated iŶ the field it still ŵaǇ Ŷot ďe ĐoŶsideƌed ͞field deploǇaďle͟ uŶtil it ĐaŶ ƋuaŶtifǇ aeƌosol 
components in units of mass concentration. 

The Kürten et al. paper in its abstract only states that the IT-AM“ ͞ĐaŶ ďe used as a field iŶstƌuŵeŶt 
due to its ĐoŵpaĐt size͟. Of course in principle, it would have been possible to deploy it in the field in 



that state. However, removing it from the laboratory and setting it up in the field would have been a 

major effort and not been possible within the typical time scale for the setup of a measurement 

campaign. The modifications made in order to make the instrument more reliable and less sensitive 

to small changes (e.g., the modifications on the electronics part, or the modifications to the helium 

inlet), and other modifications like the automatic control of the shutter to enable for beam 

open/closed measurements were indispensable in order to bring the instrument to the field with 

reasonable effort and to get reliable data right from the start. So, we think the statement made in 

the lines the ƌeǀieǁeƌ ĐoŵŵeŶts oŶ ;͞TeĐhŶiĐal iŵpƌoǀeŵeŶts eŶaďle ŵoƌe ƌoďust aŶd ƌepƌoduĐiďle 
ŵeasuƌeŵeŶts … aŶd alloǁed foƌ the iŶstƌuŵeŶt’s fiƌst field deploǇŵeŶt.͟Ϳ aƌe ǀalid aŶd ǁell-
founded and do not contradict the statements made in Kürten et al.. Regarding the quantification, 

the instrument indeed is capable of providing aerosol concentrations in units of mass concentration, 

see the replies to several other comments above and below. 

LiŶe ϭϲ ͞aŶd poteŶtiallǇ ƋuaŶtifǇ͟ this teƌŵ Ŷeeds to ďe ƌephƌased as eitheƌ a technique can quantify 

oƌ it ĐaŶ’t. 

That is of course true, however the ͞poteŶtiallǇ͟ heƌe ƌefeƌs to the faĐt that at this stage ǁe do Ŷot 
yet know whether it will be possible to truly quantify the relative fractions of sugars and carboxylic 

acids in more complex mixtures, since for this much more calibration work would be needed and also 

potential cross-sensitivities need to be determined and accounted for. So, while in principle it is 

possible, as we show in our manuscript, the method is not yet ͞finished͟, which we want to imply by 

the ǁoƌd ͞poteŶtiallǇ͟. We tried to clarify this (P3, L19-21): 

͞which could provide a means to distinguish between carboxylic acids and sugars in organic aerosol, 

and with more extensive calibration potentially also to quantify their relative fractions in more 

Đoŵpleǆ ŵiǆtuƌes͟ 

Section 2: Instrumental development 

  It is difficult to tell whether further advances after Fachinger 2012 were made or whether 

the all of the advances over the Kürten et al. 2007 paper were described by the Fachinger 

2012 thesis. 

  Also again since Fachinger 2012 was not peer reviewed the reader should not be referred to 

this thesis multiple times for clarification because the thesis is not peer reviewed and it is not 

in English, the language of AMT. 

As described in more detail in response to several comments below, we included further technical 

details in order not to have to rely on the references to Fachinger (2012) any more (see revised Sect. 

2). Beyond that, no further technical modifications than those also presented in the Fachinger (2012) 

thesis are described here. We clarified this (P4, L15-16): 

͞We only describe the most important changes in detail here; these as well as some other, minor 

modifications are also described in (Fachinger, 2012).͟ 

We now refer to the Fachinger, 2012 thesis only at this single location in the discussion in Sect. 2. 

Page 3 



Line 24: Since the aerodynamic lenses are referenced to Fachinger 2012, were they the same lenses 

used in the Kürten et al. 2007 paper? If so, please reference the Kürten paper instead of Fachinger, if 

not please describe the differences over the lenses in the Kürten paper. 

We removed the reference to Fachinger (2012) (P3, L30), leaving only the reference to Liu et al, 1995. 

Line 28: Describe to what eǆteŶt the ͞flash-ǀapoƌizatioŶ͟ also Đauses soŵe ioŶizatioŶ oƌ 
fragmentation before EI causes further ionization and fragmentation. 

We added this to the introduction, P2 L12-14: 

͞Due to the thermal desorption (which already might cause some fragmentation) and additional 

͞haƌd͟ eleĐtƌoŶ iŵpaĐt ioŶisatioŶ, ŵoleĐules aƌe highlǇ fƌagŵeŶted, ǁhiĐh ŵeaŶs a paƌtial loss of the 

original molecular information͟ 

LiŶe ϯϮ: IŶ ƌefeƌeŶĐe to ͞high puƌitǇ heliuŵ͟ please state the puƌitǇ aŶd ǀeŶdoƌ aĐtuallǇ used aŶd the 
vendor. 

We iŶĐluded the stateŵeŶt ͞;ϲ.Ϭ, WestfaleŶ AGͿ͟ on P4, L6. 
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Line 1: it is stated the instrument can provide quantitative information as in Kürten et al. 2007 while 

the last paragraph in the introduction the instrument is only potentially quantitative. 

We have the impression that this is a misunderstanding: in the introduction we are referring to the 

potential quantification of carboxylic acids and sugars in complex mixtures of organic aerosol via 

MS2, which needs to be validated by more calibration work (see comment above). The statement on 

P4L1, on the other hand, refers to the general capability of the IT-AMS to measure quantitatively (in 

MS1), which was demonstrated by Kürten et al. (2007). We hope this is clarified now by the 

clarification of the statement in the introduction (P3, L19-21; see also reply to the corresponding 

comment above). 

Line 2: Define what you mean here by reproducibility of the measurements. If the measurements in 

Kürten et al. 2007 were not reproducible doesn't that call into question the validity of the 2007 

paper? Or are you referring to lack of reproducibility as a lack precision in the measurements? 

The measurements by Kürten et al. are reproducible with the same instrumental settings, the 

problem was rather to have the instrument in a state where the settings were reproducible (e.g., 

measurements were taken at a certain (known) helium pressure in the trap, but this pressure was 

hard to maintain with the original heliuŵ iŶletͿ. “o the teƌŵ ͞ŵeasuƌeŵeŶts͟ is a ďit ŵisleadiŶg 
heƌe; ǁe ĐhaŶged it to ͞settiŶgs͟ instead (P4 L11). 

LiŶe ϱ: It is stated that the iŶstƌuŵeŶt is Ŷoǁ ŵoƌe ͞ǀeƌsatile͟. WasŶ’t the iŶstƌuŵeŶt alǁaǇs capable 

of the measurements made in this paper? Please explain the instrument now more versatile than it 

was before? 

The original version of the IT-AMS would have been capable of performing the measurements from 

the iŵpleŵeŶted haƌdǁaƌe’s poiŶt of ǀieǁ, ďut e.g. MSn measurements with n>2 had not been 

implemented in the previous software version, so this is one major aspect in which the modifications 



ŵade the iŶstƌuŵeŶt ŵoƌe ͞ǀeƌsatile͟ iŶ pƌaĐtiĐe. Also the iŵpleŵeŶtatioŶ of the seŵi-automatic 

tuning in the software (which only was possible after a hardware modification) is a major step 

forward in practicability (and therefore also versatility) of the instrument. We now stress the need 

for these software changes more in the manuscript (P5 L25-26): 

͞The original software was very rudimentary and did not contain several important features needed 

for a routine deployment of the instrument.͟ 

Line 8-ϭϬ: ͞We oŶlǇ desĐƌiďe the ŵost iŵpoƌtaŶt ĐhaŶges iŶ detail heƌe; otheƌ ŵodifiĐatioŶs aƌe oŶlǇ 
briefly summarized and theiƌ details ĐaŶ ďe fouŶd iŶ ;FaĐhiŶgeƌ, ϮϬϭϮͿ.͟ “iŶĐe FaĐhiŶgeƌ is Ŷot peeƌ 
reviewed and not written in English the details mentioned have not been scientifically reviewed and 

are inaccessible to all those who are not bilingual in German and English. Please either remove most 

of this section or provide the details here so that they can now be peer-reviewed in English. 

We provided additional details in various locations, as described in response to several comments 

below; see revised version of Sect. 2. 

Line 11-15: In the ion trap, instead of the ceramic washers used by Kürten et al. (2007) as spacers 

between the ring and end capelectrode, now ruby spheres (diameter 6 mm ± 0.635 μm) sitting in 

precise countersinks (1.3 mm ± 10 μm) are used for a more defined mounting (insert B). This allows 

for a more reproducible assembly of the electrodes, and consequently more reproducible voltage 

settiŶgs͟ To state aŶ iŵpƌoǀeŵeŶt the oƌigiŶal ĐoŶditioŶs ŵust also ďe stated. Please ƋuaŶtifǇ the 
reproducibility in assembling the electrodes before and after the improvement were made. 

Furthermore, ion optics are electrically isolated from each other so that the ring and endcap can 

voltages can be set independently, how then could imprecision in electrode spacing result in a lack of 

͞ƌepƌoduĐiďle ǀoltage settiŶgs͟. Please pƌoǀide ƋuaŶtitatiǀe pƌoof, oƌ else oŶlǇ state the ĐhaŶge 
without stating that it made an improvement. 

The more reproducible voltage settings are due to the fact that disassembly and re-assembly of the 

electrodes in the old setup led to slight changes in the geometry, which causes a change in needed 

voltage settings for a certain operation. These changes in geometry are strongly minimized by the 

new, more precise method of assembly using the ruby spheres as spacers. Therefore there is no 

single measure to quantify the reproducibility of the assembly (since the re-tuning involves a whole 

set of different voltages, not a single one), but it becomes apparent in the reproducibility of the 

voltage settings: with the new setup, voltages have not to be re-tuned after each re-assembly of the 

electrodes while this was the case with the original setup. We can therefore not give a single 

quantitative measure of the reproducibility of the voltage settings before and after, but the 

reproducibility of the assembly in the old and new setups can be estimated from the tolerances of 

the various building elements, which we now included also for the old setup in a more detailed 

description (P4, L19-28): 

͞In the ion trap, originally ceramic washers of 2.87 mm ± 25 µm thickness were used by Kürten et al. 

(2007) as spacers between the ring and end cap electrode, and the electrodes were held by four 

threaded bars insulated by ceramic shells with a play of 0.5 mm each. Due to these rather large 

allowances for tolerance, the electrodes could not be assembled reproducibly enough to maintain 

the geometry (i.e., without rotation or tilting of the electrodes), and after each re-assembly of the 

electrodes the voltage settings for the various operations (e.g., trapping, scanning, resonant 

excitation) had to be re-tuned. To avoid this, now four ruby spheres (diameter 6 mm ± 0.635 µm) 



sitting in precise countersinks (1.3 mm ± 10 µm) are used instead of the ceramic washers for a more 

defined mounting (insert B). This allows for a more reproducible assembly of the electrodes (i.e., 

invariant geometry), and consequently more reproducible voltage settings without needing to re-

tune after each re-assembly of the ion trap electrodes.͟ 

Line 15-19: Please state quantitatively to what extent helium flow changed in the original setup over 

the course of several days. Again quantitative evidence is given for the updated system but not for 

the original system. 

We added this information (P4, L32-33): 

͞over the course of four days, a relative standard deviation of 2 % was found at an average pressure 

of 2·10-5 hPa measured outside the trap͟ 

Line 18: State the orifice diameter of the critical orifice. 

Done (P4, L34) 

Line 19: Please state the manufacturer and flow range of the pressure-controlled mass flow 

controller mentioned. 

We added the information requested by the reviewer (P5, L1): 

͞Bronkhorst High-Tech B.V., EL-PRESS P-502-C and F-004AC with a specified flow rate of ч0.7 L min-1͟ 

line 22: The ion source need not be pulsed if a gate electrode between the ion source and trap is 

used. Here the ions in the source are continuously produced and the gate electrode voltage is 

lowered in order to fill the trap, and raised during ion manipulation and scanout to prevent 

additional ions from entering. Was this type of operation used and found deficient for some reason? 

Yes, this kind of gating was also tested. However, for the IT-AMS setup, this blockage gating was not 

efficient enough in order to prevent all ions from entering the ion trap during the manipulation and 

scanning phase, ǁhiĐh Đaused a stƌoŶgeƌ ͞ďaĐkgƌouŶd͟ Ŷoise in the mass spectra. Therefore, the 

modified method of gating the electrons entering the ion source was developed instead. We have 

omitted the description of this unsuccessful attempt from the manuscript in order to avoid 

unnecessary complexity. 

Line 25: Was the filament emission current monitored? If so please quantify the instability. 

The change in filament emission current was too fast to be monitored by the data acquisition 

software, so unfortunately no quantitative numbers can be provided. 

Line 28: Better reproducibility is mentioned? State exactly what is more reproducible and how it is 

measured. 

In order to avoid a lengthy discussion on this side-topic, we omitted the reference to better 

reproducibility on P5, L9. 

Line 30-34: Again I suggest that since the specifics are mentioned in Fachinger 2012 that this section 

describing minor improvements either be expanded on in order to peer review these claims in 

English. Some of the points like improving the instrument housing, and improving the electrical and 



communication connections seem like more trivial modifications and can be omitted unless they can 

be tied back to quantitative instrument improvements. 

The mentioned points were anything but trivial for the performance of the instrument, but, in 

aĐĐoƌdaŶĐe ǁith the ƌeǀieǁeƌ’s ĐoŵŵeŶt, ǁe removed the information on the modifications on the 

electronic parts of the instruments. (P5 L19-23) 

Page 5: 

Line 1: Please state the version of LabVIEW used to write the program. 

We added this information (v. 8.5) to the manuscript at the given location. 

Line 1-6 – again since Fachinger 2012 is referenced here the nontrivial details referred to need to be 

provided here. 

We added a more detailed description on the semi-automatic tuning and removed the reference to 

Fachinger, 2012. The remaining description should be understandable from the context without this 

reference. The paragraph now reads (P5, L24-33): 

͞The IT-AMS is controlled via a program written in LabVIEW (v.8.5, National Instruments), which is 

also utilised for data acquisition. The original software was very rudimentary and did not contain 

several important features needed for a routine deployment of the instrument. Therefore this 

software was extended and now includes the option for a semi-automatic tuning of operation 

parameters, i.e., the instrument is programmed by a user-adaptable text file to automatically scan 

the various (five for MS, nine for MS2) parameters of interest and to save the results, which then can 

be inspected to find the optimal set of tuning parameters. The software now also allows for much 

more flexibility in the measurement types and their operating conditions (MS, MS2, MSn>2 (n ч 5), 

mass range extension), programming long series of measurements, and the control of the shutter to 

enable automatic switching between open / closed measurements, as described above. Furthermore, 

all instrumental settings and parameters are now saved along with the mass spectra after each 

measurement cycle.͟ 

Section 3: laboratory and field measurements 
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Line 8: please include the stated purity and manufacturer of each chemical used. This could be done 

in a supplemental table or added to the existing table. 

We added this information to Table 1. 

Line 12: Was the Tof-AMS run in parallel with the IT-AMS so that they were both analyzing the same 

sample from the nebulizer? Consider making a schematic diagram of how the instruments were 

connected together with the nebulizer and/or with the particle counter. 

The experiments were performed consecutively with the same setup, but either the IT-AMS or the 

ToF-AMS sampling from the nebulizer. We clarified this in P6 L2: 

͞In the laboratory studies performed separately with the IT-AMS and the ToF-AMS, respectively, …͟ 



With this clarification we hope the setup is clear from the text without needing to refer the reader to 

an additional figure. 

Line 17: Please mention to what extent each instrument was measuring the same air mass since the 

measurements seemed to be taken 5 meters apart and temporally (IT-MS 30s time resolution, Tof-

AMS 60s time resolution). Could some of the variability in the instruments mentioned later really be 

due to the instruments measuring slightly different air masses either spatially or temporally? 

Since at this measurement location (Mt. Kleiner Feldberg, which is a measurement location not 

iŶflueŶĐed ďǇ loĐallǇ eŵitted aeƌosolͿ oŶlǇ ƌegioŶal ͞ďaĐkgƌouŶd͟ aeƌosol is ŵeasuƌed, ďut Ŷo loĐallǇ 
emitted aerosol, it can be expected that both instruments sample the same type of aerosol even 

though theiƌ iŶlets aƌe ~ϱŵ apaƌt: iŶ this sŵall distaŶĐe, Ŷo ǀaƌiatioŶ iŶ ͞ƌegioŶal͟ ďaĐkgƌouŶd 
aerosol is expected (of course this would be different if local sources were nearby, which however 

was not the case). Since background aerosol is not expected to change drastically on the time scale of 

one minute, we do not expect the slightly different temporal resolutions of the measurements with 

the two instruments to have any influence on the results, and since longer averaging times of 10min 

and 1h are discussed, such potential differences should be averaging out anyway. We added a 

sentence on P6, L15-17 to discuss this: 

͞Since no local sources were close to the measurement site, only regional background aerosol was 

measured, which can be expected to be homogeneously distributed on this spatial scale.͟ 

LiŶe ϭϵ: Hoǁ ĐaŶ the iŶstƌuŵeŶts ďe saŵpliŶg ͞iŶ paƌallel͟ if theǇ ǁeƌe saŵpliŶg fƌoŵ tǁo sepaƌate 
inlets? Were the inlets to each instrument both sampling from a common manifold? Or do you just 

mean that each instrument was sampling at the same time but from two different (although close) 

locations. 

Yes, as is stated iŶ this seŶteŶĐe: ͞Both instruments were sampling in parallel through two separate 

inlets͟ (P6 L14), we mean that both instruments were sampling at the same time through two 

separate inlets, which however were so close to another (~5m distance, P6 L15) that it can be 

assumed that both measured the same air masses and therefore the same aerosol type, since only 

regionally distributed, i.e. well-mixed aerosol and no locally emitted aerosol was probed at this 

measurement location (see reply to the comment above and the associated revision in the 

manuscript). 

Also “oďaŶski et al ϮϬϭϲ doesŶ’t ŵeŶtion the ToF-AMS or the IT-AMS and only refers to instruments 

in a molile laboratory (MoLa) for measuring aerosol parameters, thus the sentence should be 

ƌeǁƌitteŶ to so that “oďaŶski oŶlǇ ƌefeƌeŶĐes the field ĐaŵpaigŶ aŶd Ŷot that ͞ĐoŶtiŶuous 
measurements of ambient aerosol using the IT-AMS and a high resolution Tof-AMS were 

ĐoŶtiŶuouslǇ peƌfoƌŵed͟ duƌiŶg the ĐaŵpaigŶ. 

We agree that this can read ambiguously, and therefore reworded to (P6, L12-14): 

͞CoŶtiŶuous ŵeasuƌeŵeŶts of aŵďieŶt aeƌosol usiŶg the IT-AMS and a high resolution ToF-AMS 

were concurrently performed on the Mt. Kleiner Feldberg (Central Germany) from 29 August to 09 

September 2011, within the context of a larger measurement campaign (Sobanski et al., 2016).͟ 



Line 27 – Kürten et al 2007 states the mass range was up to 200 m/z without using the mass range 

extension. Did the mass range decrease over time or did the modifications stated previously lower 

the mass range? 

The difference in the mass range reported by Kürten et al. (2007) and for our measurements is due to 

aging of the RF-generator, which does not (any more) provide the full voltage range it originally was 

specified for. With the (re-calibrated) actual voltage range the RF generator provides now, the 

theoretically and actually accessible mass range without mass range extension is now ~120. This is an 

issue of the RF generator, but is not due to the technical modifications. 

Line 27-Ϯϴ: ͞ioŶs of ŵ/z of iŶteƌest ǁeƌe isolated ;tǇpiĐallǇ ǁithiŶ a ƌaŶge of ± ϱ ŵ/zͿ ďǇ ďƌoad band 

eǆĐitatioŶ usiŶg a filteƌed Ŷoise field͟ Figuƌe ϰ shoǁ isolatioŶ ǁas outside of the ± ϱ ŵ/z ƌaŶge aŶd 
looks more like -10 to +5 m/z in that particular instance. Please revise either your isolation range, or 

use a different mass spectrum in figure 4. 

We changed this to (P6 L25): 

͞typically within a range of ± 5 m/z, but sometimes up to ± ~15 m/z” 

Line 31: Please state the versions of IGOR Pro and MATLAB used. 

We added the versions of IGOR and MATLAB, as requested (P6, L30) 
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Line 3: Please include iŶfoƌŵatioŶ oŶ hoǁ the ͞ďaĐkgƌouŶd effeĐts͟ ǁeƌe peƌfoƌŵed iŶ the ŵethods 
section including how the particle free air was generated. 

We included the information requested by the reviewer (P7, L1-2): 

͞(obtained by inserting a high efficiency particulate arrestance filter in the sampling line).͟ 

The background effects were corrected for by adjusting the fragmentation pattern table accordingly; 

we clarified this in the manuscript (P6, L32 to P7, L1): 

͞…ŵass ĐoŶĐeŶtƌatioŶs ǁeƌe deteƌŵiŶed usiŶg the fƌagŵeŶtatioŶ patteƌŶ taďle …, ǁhiĐh ǁas 
adjusted to correct for background effects using routinely performed measurements of particle-free 

aiƌ…͟ 

Line 3: Do you have a quantitative way to state or argue that ionization efficiency in the TOF-AMS 

didŶ’t ĐhaŶge duƌiŶg transport of the instrument to the field location, or over the course of the 

campaign? Did you do any field checks of the ionization efficiency? Please add additional information 

on how the TOF-AMS was calibrated in Section 2. 

The transport of the ToF-AMS to the measurement location should not have any influence on the 

ionization efficiency: the instrument was located within MoLa (designed for mobile measurements – 

including such of the ToF-AMS - while driving; see Drewnick et al. (2012)) where it is frequently 

continuously operated also during transport without any signs of changing ionization efficiency, so 

we do not expect any change in instrumental characteristics which could influence ionization 

efficiency also in this case. In the past, for example over the course of nine months, in several 

calibrations we observed a variation of ionization efficiency (corrected for airbeam) in the order of 



~5%, which is well within the assumed uncertainty of ionization efficiency of 10%. These 

measurements over the course of several months include repeated measurements of ionization 

efficiency before and after MoLa campaigns, during which the instrument was located for several 

weeks in the driving vehicle and doing measurements, and no influence on ionization efficiency was 

observed. Therefore, we are very confident that the ionization efficiency used for the ToF-AMS was 

correct within the assumed uncertainty of the IE of ~10%. This is further supported by the 

comparison of the ToF-AMS data to measurements of co-located instruments, see reply to comment 

below. 

As requested by the reviewer, we added some additional information on how the ToF-AMS was 

calibrated (P7, L2-3): 

͞Ionisation efficiency of the ToF-AMS was determined prior to the campaign applying the established 

method (Canagaratna et al., 2007) using dried NH4NO3 particles of known mobility diameter 

(400 nm).͟ 

Line 4-ϱ: AgaiŶ it is ǀague ǁhiĐh ͞Đo-loĐated ŵeasuƌeŵeŶts͟ ǁeƌe takeŶ aŶd hoǁ ͞good agƌeeŵeŶt͟ 
was determined since Fachinger 2012 is not peer reviewed. Please expand this section. 

We expanded this section as requested by the reviewer and now briefly include the results from the 

intercomparison (P7, L5-9): 

͞Comparison of the 1 min averaged time series of PM1 calculated by summing all ToF-AMS measured 

species plus independently measured black carbon (using a Multi-Angle Absorption Photometer 

MAAP, model 5012, Thermo Scientific) with measurements of total PM1 (using an Environmental 

Dust Monitor EDM 180, Grimm Aerosol Technik GmbH & Co. KGͿ gaǀe a ĐoƌƌelatioŶ of PeaƌsoŶ’s R2 = 

0.91 and a slope of 1.11, i.e. good agreement within the uncertainty of the ToF-AMS of ~30 %.͟ 

Line 5-10: Please explain more fully (or give a reference to) how detector intensity (in units of voltage 

or current) is used to calculate an ion rate in units of Hz. 

The channeltron in combination with a pulse discriminator, a preamplifier and a data acquisition 

card, as described in Kürten et al. (2007), directly measures the number of events (i.e., number of 

ions that were detected), so does directly provide the ion count. To obtain the ion rate, the ion count 

was divided by the length of the associated trapping time. We clarified this in the manuscript (P6 

L28-29): 

͞Measured IT-AMS mass spectral signals were converted to ion rates (number of measured ions 

divided by the length of the trapping phase)…͟ 

Line 16: averaging only minimizes the statistical uncertainty if the relative instrumental drift between 

the two instruments is negligible compared to the variation in the measurements. What evidence 

does the authors have in order to quantify instrument drift? It is stated that 1h average mass spectra 

͞tǇpiĐallǇ͟ haǀe the saŵe featuƌes, ďut do the atǇpiĐal ƌesults skeǁ the ϭϭdaǇ aǀeƌage? 

We did Ŷot oďseƌǀe aŶǇ ͞atǇpiĐal͟ ŵass speĐtƌa, ďut siŶĐe of Đouƌse ǁe oŶlǇ iŶspeĐted a liŵited 
number of 1h average mass spectra, we cannot exclude that there are some, and therefore qualified 

that stateŵeŶt ďǇ the ǁoƌd ͞tǇpiĐallǇ͟. Mass speĐtƌa ƌeĐoƌded at ǀery low mass concentrations are 

more noisy and therefore do not necessarily show exactly the same patterns as mass spectra 



recorded at higher concentrations on the 1h time scale, but exactly this kind of noise is averaged out 

by averaging over a longer period of time. When averaging over the time period of low and high mass 

concentrations separately (i.e., averaging out the larger contribution of noise at low mass 

concentrations), both show no significant differences in fragmentation patterns. We also inspected 

the scatter plot (IT-AMS versus ToF-AMS) for the three different species, color-coded by time of 

measurement, but did not observe any temporal trend in their correlation, which validates the 

assumption that no temporal drift in the response of the two instruments relative to each other was 

occurring which could bias the average over the whole time period. 

Line 18: Could the difference in the instrumental response below m/z 30 be due to the gating of the 

electrons in the IE region of the IT-AMS or different voltage settings between either the IE region and 

the ion trap or ToF region? Furthermore could the difference be due to decreased trapping efficiency 

of low m/z ions. 

This might be an additional influence, so we added it to the discussion (P7 L22-24): 

͞Apart from the potential influence of lower ion transmission or lower trapping efficiencies for low 

m/z ions in the IT-AMS, this is probably mostly due to the strong influence of charge-transfer 

reactions in the ion trap during the trapping phase in this m/z range…͟ 

The original discussion regarding the influence of charge-transfer-reactions (P7 L23-25) still holds, as 

this concerns changes in the mass spectral patterns which are unlikely to be explained by the 

influences mentioned by the reviewer. 

Line Ϯϯ: Please ƋuaŶtifǇ ͞ŵuĐh sŵalleƌ͟ 

We added the iŶfoƌŵatioŶ ͞ďǇ ŵoƌe thaŶ ϵϵ %͟. 

LiŶe Ϯϴ DefiŶe ǁhat it ŵeaŶs that ͞this plateau disappeaƌs͟. Foƌ eǆaŵple, iŶ the plateau disappeaƌs 
then does it then increase like the IT-AMS data? 

We added the additional eǆplaŶatioŶ ͞;i.e., the ŵass speĐtƌal patteƌŶ iŶ this m/z range becomes 

more similar to that of the ToF-AMSͿ͟ ;P8, L1). We do not understand what is meant with the second 

part of the comment. 

Page 7 

Line 3: Where these calibrations done and accounted for? 

Since it was not necessary for the results presented here, we did not apply any corrections for ion 

transmission. 

LiŶe ϰ: The teƌŵ ͞is Đoŵpaƌiďle͟ should ďe ƋuaŶtified. 

We added the iŶfoƌŵatioŶ oŶ the PeaƌsoŶ’s R2 of the mass spectral correlation (P8 L9-10): 

͞;PeaƌsoŶ’s R2 of 0.78; if m/z 44 – which is influenced by charge-transfer reactions inside the trap, 

see above – is disregarded, R2 = 0.90)͟ 

LiŶe ϲ: ͞is tƌaŶsfeƌaďle͟ : the measurements may be transferrable but since there is still a large 

variation in the data, transferring the data would cause large uncertainties in the IT-AMS results, and 



would require that a ToF-AMS always be co-located with a IT-AMS. This requirement is a major 

deficiency of the IT-AMS for field campaigns and should be addressed in the manuscript. 

We are not sure whether we understand this comment correctly. Of course the IT-AMS 

measurements come with some uncertainty (as do ToF-AMS measurements). We do not see why this 

would mean that it is a requirement for the IT-AMS to be always co-located with a ToF-AMS during 

field campaigns. While it is true that the detection limit of the IT-AMS is higher than that of the ToF-

AMS, this does not mean the IT-AMS results are non-quantitative without co-located ToF-AMS 

measurements. While the ToF-AMS gives better temporal resolution due to higher signal to noise 

ratio, the IT-AMS gives more in-depth information, while still providing the general, quantitative 

information on the main aerosol components also measured by the ToF-AMS. So, we do not 

understand why it should be a requirement to have a co-located ToF-AMS, and therefore also do not 

see the ͞defiĐieŶĐǇ͟ the ƌeǀieǁeƌ ŵeŶtioŶs. 

LiŶe ϵ: is ͞ŵ/z ϰϴ to ϲϰ͟ supposed to ƌead, ͞ŵ/z ϰϴ aŶd ϲϰ͟ siŶĐe oŶlǇ ŵ/z ϰϴ aŶd ϲϰ aƌe desigŶated 
at sulphates in the upper part of figure 2? 

We mean the signal ratio (m/z 48 / m/z 64) here, i.e., ͞m/z 48 to m/z 64͟ within the context of the 

sentence is correct. We reworded the sentence to make this clearer (P8 L15): 

͞The signal ratio m/z 48 to m/z 64…͟ 

Line 15-ϭϲ: ͞No ĐaliďƌatioŶ ŵeasuƌeŵeŶts ǁeƌe peƌfoƌŵed foƌ the IT-AM“.͟ This is a ŵajoƌ 
deficiency of the manuscript as this means the IT-AMS mass concentrations must be tied to the ToF-

AMS which was also not calibrated in the field. The authors must explain why neither instrument was 

not calibrated in the field and intercompared using the same aerosol generation source. 

While the ToF-AMS was not calibrated on-site, it was properly calibrated directly prior to the 

measurement campaign in the laboratory, and that calibration can be reasonably assumed to be 

valid also at the measurement site (see reply to comment above). The ToF-AMS calibration is also 

validated by the comparison to co-located measurements by other instruments (see reply to 

comment above). Therefore, we are very confident that the mass concentrations provided by the 

ToF-AMS are accurate within its instrumental uncertainty. Since the intercomparison of both 

instruments over the 11-day long measurement campaign did not show any temporal trends in the 

relationship between the measurements of the two instruments, any time interval out of this field 

campaign could be used as calibration – similar to a calibration with laboratory-generated aerosol. 

For the remaining time the IT-AMS would provide independent quantitative measurements without 

the need for a co-located ToF-AMS (see also reply to several comments above). 

Line 20: Please comment on the fact that the 1h R2 values for nitrate are lower than that of the 

10min data. 

This apparent decrease (0.68 for 10min, 0.65 for 1h) reflects the uncertainty of the reported R² 

values. We tested the change of R² when using different averaging times (1 to 60 min), and found 

that after an initial rise in R² with longer averaging time, the correlation did not improve from a 

certain averaging time on any more. While for sulphate and organics R2 still improved slightly at 

laƌgeƌ aǀeƌagiŶg tiŵes thaŶ ϭϬŵiŶ, foƌ Ŷitƌate, the ͞plateau͟ of appƌoǆiŵately constant R2 was 

already reached at 10min averaging time, so the slight difference in R2 for 10min and 60min 

averaging time simply reflects the associated variability / uncertainty. 



Since this does not seem like a major issue, we omitted this discussion from the manuscript. 

Line 24: It should be noted in the manuscript that Drewnick et al. 2009 were calculating the detection 

limits for a TOF-AMS and not a IT-MS 

The method described in Drewnick et al. (2009) is based on theoretical considerations which are 

mass analyzer independent and therefore also hold for the IT-AMS. Indeed, the method was tested 

(by Drewnick et al., 2009) not solely for the ToF-AMS, but also for the Q-AMS. Since the method 

described by Drewnick et al. is based solely on theoretical considerations without using any 

assumptions specific to a ToF-AMS, we thiŶk the ǁoƌdiŶg ͞ǁeƌe ĐalĐulated folloǁiŶg the method by 

DƌeǁŶiĐk et al. ;ϮϬϬϵͿ͟ is suffiĐieŶt. 

Line 25-ϯϬ: UsiŶg the ͞liŶeaƌ͟ ƌelatioŶships iŶ figuƌe ϯ to ĐalĐulate ŵass ĐoŶĐeŶtƌations for the IT-

AMS will produce large uncertainties in the limit of detection for the IT-AMS (especially for sulphate). 

The uncertainty in the detection limits must be calculated and reported. Also if the R2 value for the 

1h measurements of nitrate are larger than the 10min data, how can the limit of detection for the 

1hr data be lower than the 10 minute data for nitrate. Furthermore, if it was claimed in the previous 

paragraph that the IT-AMS signal for sulfate is lower than that of nitrate, and that sulfate has a lower 

signal to noise ratio compared to nitrate, how can sulphate and nitrate have the same detection 

limit? This discrepancy needs to be explained in the manuscript. 

Of course every calibration is accompanied by a certain uncertainty. This is not fundamentally 

different for a calibration using the ToF-AMS than for a calibration using size-selected particles 

measured in parallel with a CPC. We can estimate the uncertainty of the derived IT-AMS mass 

concentrations from the combination of the following contributing uncertainties: 

1.) Uncertainty due to the scatter of datapoints of ToF-AMS and IT-AMS. This is visible in the scatter 

of the datapoints around the linear correlation line, and accounted for by the uncertainty of the 

slope derived in the fit. This uncertainty of the slope was found to be <6 % for the three investigated 

species (typically even <4%); we therefore assume an uncertainty of 6 % as a conservative estimate. 

2.) Uncertainty of the ToF-AMS used as a reference. This uncertainty (30 % total) is derived from 

three major uncertainties: Uncertainty of the CE (~25 %), uncertainty of the RIE (~10 %), and 

uncertainty of the IE (~10 %) (√                  ). This uncertainty therefore already 

accounts for uncertainty of the CE which also needs to be applied for the IT-AMS; the uncertainty of 

RIE and IE would also have been accounted for when calibrating the IT-AMS using e.g. size-selected 

particles and a CPC as reference instrument. 

From these two uncertainties, the total uncertainty of the IT-AMS can be estimated to √              , i.e., the total uncertainty is about the same as the uncertainty derived for 

the ToF-AMS (~30%). 

Note that the overall uncertainty would be approximately the same when calibrating the instrument 

e.g. using size-selected particles and a CPC: in that case, RIE, IE and CE uncertainty would need to be 

accounted for as for the ToF-AMS, resulting in an overall uncertainty of ~30% as well. 

Therefore, we can conclude that the total uncertainty of the mass concentrations of the IT-AMS is 

almost the same as the total uncertainty of ToF-AMS measurements. Moreover, the fact that the 

instrument was calibrated using the ToF-AMS and not e.g. using a CPC and size-selected particles 



does not result in a significantly higher uncertainty, due to the fact that the uncertainties accounted 

for in the total uncertainty of the ToF-AMS would still need to be accounted for. 

We included the uncertainty estimate of the derived mass concentrations in the manuscript (P9 L12-

14), and also included the absolute uncertainties of the LODs derived for the different species (P9 

L27-29): 

͞The uncertainty of the derived mass concentrations of the IT-AMS can be estimated to 30 % (which 

includes the uncertainty due to ionisation efficiency, relative ionisation efficiency, and collection 

efficiency), the same as usually estimated for ToF-AMS measurements.͟ 

͞Detection limits for 10 min averages are (3.7 ± 1.1) µg m-3 for organics, (1.3 ± 0.4) µg m-3 for nitrate, 

and (1.3 ± 0.4) µg m-3 for sulphate (for 1 h averages: (1.4 ± 0.4) µg m-3 for organics, (0.5 ± 0.2) µg m-3 

for nitrate, (0.7 ± 0.2) µg m-3 for sulphate).͟ 

As discussed in response to the comment above, the difference in R2 value for the 10min and 1h 

averaged time series of nitrate is not significant and solely reflects the uncertainty of the R2 value. 

The discrepancy the reviewer mentions regarding the comparable LOD of sulfate and nitrate despite 

the fact that sulfate has a lower signal to noise ratio can be explained by the uncertainties of the 

LODs, as discussed above. Since we now include the uncertainty of the LODs in the discussion in the 

manuscript, we hope this apparent discrepancy is resolved for the reader. 

Section 4.2 and following 

These sections are the highlight of the paper in my opinion and quite well reasoned. 

Section 4.3.2 

The authors make a convincing argument that MS2 studies can differentiate sugars and carboxylic 

acids for fragment ion isomers. However, it seems more straight forward to differentiate these 

species based on their molecular ions in the MS1 spectrum as all of the species in table 1 have 

different molar masses. The manuscript could be also be improved by differentiating molecular ion 

isomers by looking for unique fragments of each isomer, or differences in the ratio of fragments for 

isomers that do not have unique fragments. 

We agree that in principle the differentiation of the compounds used for this study would be possible 

by their molecular ions, however this is not a feasible option for atmospheric measurements with 

this kind of instrument. Otherwise, every ToF-AMS should be able to differentiate these compounds 

in atmospheric aerosol, which is not the case. The problem with this type of instrument is that due to 

the strong fragmentation (thermal desorption / EI), the molecular ion signal, if present at all, is very 

small. Theƌefoƌe, ǁhile ioŶ tƌaps Đoupled to ͞softeƌ͟ ioŶizatioŶ souƌĐes aƌe used to diffeƌeŶtiate 
molecular ions of different isomeric structure by their fragmentation pattern, this is not a feasible 

option for the IT-AMS (or ToF-AMS) with its thermal desorption / EI ion source. However, the 

approach we use here is similar to the one suggested by the reviewer, only that isomers not of the 

molecular ion, but of certain fragment ions are differentiated by their MS2 spectra in order to draw 

conclusions on the structure of the parent molecule. 

In the ambient atmosphere, typically a large variety of different molecules will contribute to the 

same m/z, so while it of course is possible to differentiate pure compounds in the lab by their mass 



spectra (MS1), this is not an option for atmospheric applications (or laboratory applications where 

mixtures of organic compounds are studied, like in smog chamber experiments). Furthermore, the 

very fact that all sugars of different original structure will generate the same fragment ions at m/z 60 

and 73, and all carboxylic acids as well will give the same fragment ions at these m/z, which however 

can be distinguished from those of sugars due to their different isomeric structure, is a major 

advantage over other aerosol mass spectrometers, since in atmospheric applications mixtures of 

various different sugars / carboxylic acids can be expected. Since they all will produce the same 

fragment ions, which can be apportioned by the method described here to sugar / carboxylic acid, 

this yields information which would not be possible to obtain with a ToF-AMS. 

So, rather than providing information on the abundance of single compounds, the IT-AMS provides 

information on a whole compound class at once, which, depending on the atmospheric application, is 

a major advantage over current instrumentation.  

Section 5 

Page 12 

line 11-ϭϮ: It is stated that that the deteĐtioŶ liŵit ͞ǁeƌe fouŶd to ďe suffiĐieŶtlǇ loǁ to alloǁ foƌ 
M“Ϯ studies oŶ atŵospheƌiĐ paƌtiĐles uŶdeƌ faǀoƌaďle aŵďieŶt ĐoŶditioŶs ;Ϭ.ϲ ŵiĐƌogƌaŵs/ŵϯͿ͟. 
The 0.6 figure seems to come not from either ambient measurements or from MS2 measurements. 

The 0.6 figure seems to come from the MS1 measurement of tryptophan under laboratory 

conditions. I would suggest either referring to the limits of detection for organics, nitrates, and/or 

sulphates from the field campaign, or the MS2 detection limits from the tryptophan measurements 

which were stated as being 7 micrograms/m3 

Thank you for catching this! This indeed was a typographical error, and should have ƌead ͞ϳ µg ŵ-3͟ 
instead. We have corrected this in the revised manuscript. 

Figure 1: Please add the pressure into the ion trap region, and show in which sections turbopumps or 

otheƌ puŵps aƌe loĐated. IŶ suďpaƌt ͞A͟ shoǁ that He Đoŵes fƌoŵ a Đoŵpƌessed gas ĐǇliŶdeƌ aŶd 
what the flow rate of He is iŶto the ioŶ tƌap. Foƌ ͞B͟ it looks like these figuƌes aƌe takeŶ diƌeĐtlǇ fƌoŵ 
Fachinger 2012 and should be referenced as such. 

The pumps were omitted on purpose to avoid cluttering the figure with too much detail, but we 

added them back in. 

We added a symbol for the gas cylinder, as requested by the reviewer, and also added the flow rate 

of the helium to the ion trap as well as the pressure in the ion trap region. 

We added the reference to the Fachinger 2012 thesis in the figure caption, as suggested by the 

reviewer. 

See Figure 1 in the revised manuscript. 

Figure 2: Please make it clear in the text or caption how the relative signal was calculated. Are these 

ratios of raw detector output or ratios of ion rates? Also it is confusing after reading the caption if the 

top graph is calculated from the relative signals from the bottom graph. If this is so then the bottom 

aŶd top gƌaphs should ďe sǁitĐhed. I suggest ĐhaŶgiŶg the ďottoŵ gƌaph’s Ǉ-aǆis laďel to ͞sigŶals 
relative to m/z 28. Also from the caption it is unclear as to how the normalization occurred. Was the 



IT-MS data normalized to the m/z 28 value from the IT-AMS, and the ToF-AMS data normalized to 

the m/z 28 from the Tof-AMS, or was data from both the IT-AMS, and Tof-AMS normalized to the IT-

AMS m/z 28 signal. Also there seems to be some data that is missing such as m/z 13 and 15 that 

show up in the bottom graph. Below m/z 20 some of the ToF-AMS data is larger than the IT-AMS 

which obscures the IT-AMS data completely. M/z 21 for the Tof-AMS is not existent in the bottom 

graph the m/z 21 is shown the top graph. M/z 88 shows a very small signal for the Tof-AMS 

compared to the IT-AMS signal, but in the top graph m/z 88 has a similar relative signal to m/z 87, 

and 89. Unless I am reading the graph incorrectly, I am not sure how this discrepancy could occur. 

Finally, since data below m/z 30 is not useful in differentiating organics, sulphates, or nitrates you 

may consider omitting this data and only briefly referring to it in the text of the manuscript. 

We swapped the top and the bottom graph, as suggested by the reviewer. We also changed the y-

aǆis laďel to ͞ƌelatiǀe sigŶal iŶteŶsitǇ ;ƌelatiǀe to ŵ/z ϮϴͿ͟ foƌ ĐlaƌifiĐatioŶ, aŶd Đlaƌified iŶ the figuƌe 
caption that both mass spectra were normalized to their respective signal at m/z 28. The ratios are 

calculated from the final corrected data (difference mass spectra in ion rates, normalized to m/z 28), 

which we now also state in the figure caption: 

͞Comparison of average difference mass spectra measured with the IT-AMS and the ToF-AMS during 

11-day long ambient measurements. Shown are the average mass spectra normalised (after 

conversion to ion rates) to their respective mass spectral signal at m/z 28 (upper panel) and the ratio 

(IT-AMS to ToF-AMS) of these relative signal intensities, colour-coded for the dominant species at the 

respective m/z (lower panel).͟ 

Some data in the graph showing the mass spectra are not visible due to the range of the y-axis scale 

(logarithmic scaling beginning at 10-5). Values which are positive but smaller than 10-5 and not visible 

in the mass spectra due to that scaling are still displayed in the panel showing the ratio of IT-AMS to 

ToF-AMS. Such is the case for m/z 21 the reviewer mentions. Changing the scaling of the y-axis would 

result iŶ less ǀisiďle diffeƌeŶĐes ďetǁeeŶ the ͞laƌge͟ peaks, while the information gained on the small 

peaks is not important for the presented discussion, so we decided to show a clearer presentation of 

the more important signals instead. We clarified this in the figure caption: 

͞Note the logarithmic scaling of the y-aǆes aŶd that the uppeƌ paŶel’s Ǉ-axis only starts at 10-5 (i.e., 

ion signals smaller than that are not shown).͟ 

The m/z missing in the panel which shows the ratios IT-AMS to ToF-AMS (m/z 13 and 15 the reviewer 

mentions) are due to negative values in one of the mass spectra (therefore giving a negative ratio, 

which is not displayed in the logarithmic scaling), which can occur due to the calculation of difference 

mass spectra. As also the reviewer states, these m/z (<30) are not very important for the presented 

discussion, so we think it is not detrimental to the figure as a whole if some of these m/z are not 

visible in one of the graphs. Still, we think it is useful to include also m/z <30 in the figure since this 

can be used to illustrate the discussion in Sect. 4.1 and makes it easier to follow. 

The observation the reviewer made regarding m/z 87, 88 and 89 is explained by the logarithmic 

scaling of the shown mass spectra. 

Figure 3: For the sulphate graph please align the 0 measurement for the IT-AMS with the 0 

measurement of the ToF-AMS like it is for the nitrate and organics graphs. It seems as though some 

of the data for the IT-AMS might give negative ion rates and thus under the detection limit for the 



instrument. Please also include a horizontal dotted line on the IT-AMS graph indicating the calculated 

limit of detection of the instrument. It looks like the data for nitrates after September 8th might also 

be below the detection limit, so this should be discussed in the text. Finally, local date and time, 

should be designated in the caption vs UTC so that the reader knows the time zone and if local time 

includes daylight savings time. 

We thank the reviewer for catching the differences in y-axis scaling of sulphate, which we now 

corrected to align for both instruments. Additionally, we now scaled all IT-AMS time series in a way 

that both the measured ion rate, and the mass concentration calculated from this ion rate can be 

obtained for the IT-AMS from the y-axes. We also made the other requested changes: we added the 

IT-AMS detection limits, and changed the x-aǆis laďel to ͞loĐal date aŶd tiŵe ;UTC+ϮͿ͟. We also 

changed the figure caption accordingly to reflect these changes. See Fig. 3 in the revised manuscript. 

As pointed out by the reviewer, some of the 1h averages are below the LOD; however, averaging the 

whole time period (as done for the average mass spectrum) lowers LOD such that these data still are 

meaningful to be included in the long-term average. 

Figure 4. The vertical dotted line in graph a) should be defined in the caption. It looks like the dotted 

line is used to differentiate a region to the left which uses the left y-axis, and a region to the right 

that uses a different y-axis. Please include only a graph of the isolation step before graph b). 

We ĐhaŶged the figuƌe ĐaptioŶ aĐĐoƌdiŶg to the ƌeǀieǁeƌ’s ĐoŵŵeŶt aŶd iŶĐluded aŶ additioŶal 
panel (b) which shows the mass spectrum after the isolation step, as requested by the reviewer. See 

Fig. 4 in the revised manuscript. 

Specific comments pertaining to format: 

Page 2 

LiŶe ϳ: ͞The ĐuƌƌeŶtlǇ ŵost ǁidelǇ…͟ suggested ƌephƌase to ͞CuƌƌeŶtlǇ, the ŵost ǁidelǇ͟ 

done 

line ϭϬ: delete "heƌe" aŶd ĐhaŶge "is" to "aƌe" iŶ the seŶteŶĐe ͞“iŶĐe heƌe a laƌge Ŷuŵďeƌ of 
diffeƌeŶt ŵoleĐules is aŶalǇsed siŵultaŶeouslǇ͟ 

done 

Line 13: Suggest changing "strongly fragmented" to "highly fragmented" 

done 

Line 18: "high resolution" to "higher resolution" as high resolution mass spectrometry often refers to 

Penning trap instruments such as ICR or Orbitrap which have resolutions orders of magnitude greater 

than TOF. It would also be good to state here what the resolution of IT-AMS is from the Kürten et al. 

2007 paper. 

Thank you! Good poiŶt ƌegaƌdiŶg the aŵďiguitǇ of ͞high͟ ƌesolutioŶ. We ĐhaŶged this accordingly 

and also added the resolution of the IT-AMS, as requested (P4 L7-8): 

͞Mass spectral resolution depends on the settings (Kürten et al., 2007) and was ~400 for the 

measurements described here.͟ 



LiŶe Ϯϱ: ĐoŶsideƌ ƌeŵoǀiŶg ͞soŵe͟ iŶ ͞While soŵe iŶfoƌŵatioŶ oŶ eleŵeŶtal ĐoŵpositioŶ͟. 

done 

Page 6 

liŶe ϭϱ: Please ƌephƌase this seŶteŶĐe so that it doesŶ’t eŶd iŶ ͞ǁith.͟ 

done 

Page 12 

liŶe ϱ: ƌeŵoǀe the ǁoƌd ͞ƌegulaƌ͟ iŶ ͞ƌegulaƌ ToF-AMS 

done 

page 12 line 30: replace "on" with "in" 

done 

 

 

Referee #2: 

The manuscript by Fachinger et al. describes technical improvements applied to a previously 

developed ion trap aerosol mass spectrometer (IT-AMS). The IT-AMS measures the chemical 

composition of aerosol particles by means of flash vaporization followed by electron impact 

ionization and ion analysis with an IT mass spectrometer. While the mass spectrometer and ion 

detection unit were developed in-house, the vacuum chamber with its aerodynamic lens inlet and 

the vaporization/ionization unit are identical to the Aerodyne AMS vacuum chamber. The most 

commonly used commercially available aerosol mass spectrometers nowadays use time of flight 

(ToF) mass spectrometers, which e.g. allow to derive information on the origin of the organic fraction 

of the aerosol constituents due to the high mass resolving power of a ToF. However, an IT has the 

capability of performing so-called MSn studies, which can help to distinguish between fragments 

with different isomeric structures. Therefore, the IT-AMS has, in principle, an important advantage 

over other commercially available aerosol mass spectrometers. 

The capabilities of the IT-AMS are demonstrated by lab experiments, where generated organic 

particles are analyzed by MSn studies. The different fragmentation patterns show clear differences 

between different compound classes. Furthermore, measurements during a field campaign indicate 

very similar results for the IT-AMS and a ToF-AMS for the nitrate, organic and sulfate fraction of 

ambient aerosols. 

Regarding the description of the modifications, I agree with referee #2 that these need to be 

explained in much greater detail. Just referring to a German PhD thesis is not sufficient, especially 

since the chosen journal (AMT) is actually well-suited for a description of technical details that 

improve a measurement technique. 



However, overall the paper is well-written and should be published in AMT after addressing the 

comments listed in the following as well as the requested improvement on describing technical 

details. 

 

We thank the reviewer for his/her valuable comments. The reasoning behind keeping the technical 

descriptions rather short and referring the reader to the PhD thesis instead was to keep the paper 

short and easier to read. However, we agree that the paper should be able to stand by itself without 

needing to refer to the PhD thesis, and therefore have added additional technical details in Sect. 2 

(see the revised version of the manuscript). 

 

--- 

Specific comments: 

Page ϭ, liŶe ϭϵ: ĐhaŶge „ǁas deŵoŶstƌated͞ to ͞is deŵoŶstƌated͟ 

done 

Page 2, line 3: the paper by Schramm et al. (2009) should also be cited in this respect, especially since 

the paper makes uses of a similar ion trap as used in the present study 

We thank the reviewer for the suggestion, and added a reference to the Schramm et al. paper in the 

discussion on P3, L5. 

Page 4, line 12: please mention how many ruby spheres were used 

We speĐified to ͞fouƌ ƌuďǇ spheƌes͟. 

Page ϰ, liŶe Ϯϳ: please eǆplaiŶ ǁhat ͞ŵodified͟ eǆaĐtlǇ ŵeaŶs 

We added a more detailed description on the difference between the original and the modified 

filament. We also added some more discussion on the deflection plate, as per the next comment. 

͞In the original filament, the emission of the electrons (defined by the filament current) and the 

ǀoltage of the filaŵeŶt’s defleĐtioŶ plate ǁeƌe eleĐtƌoŶiĐallǇ Đoupled iŶ such a way that emitted 

electrons always were repelled by the deflection plate and accelerated away from the filament and 

towards the ion cage. In the modified filament the deflection plate is electronically decoupled from 

the filament, such that electrons are emitted continuously, but the voltage of the deflection plate can 

be set independently and switched from negative to positive sign. By this means, electrons emitted 

by the filament are now either deflected or absorbed by this deflection plate (insert C), depending on 

whether they are needed in the ion source or not. This controlled absorption of the electrons 

(instead of only repelling them from the ion cage) allows for a more defined gating of the electrons 

and avoids the potential build-up of space Đhaƌges.͟ ;P5, L10-18) 

Page 4, line 29: the reason for using the deflection plate and its functionality should be discussed 

See reply to previous comment. 



Page 5, line 2/3: please explain how the semi-automatic tuning of operation parameters works 

We added an explanation on the semi-automatic tuning to the manuscript (P5 L26-29): 

͞Therefore this software was extended and now includes the option for a semi-automatic tuning of 

operation parameters, i.e., the instrument is programmed by a user-adaptable text file to 

automatically scan the various (five for MS, nine for MS2) parameters of interest and to save the 

results, which then can be inspected to find the optimal set of tuning parameters.͟ 

Page 5, line 26: up to what m/z can the mass range be extended? Up to what m/z was the set-up 

tested? 

Kürten et al. (2007) demonstrated the mass range extension up to m/z 1000. In the current setup, it 

was tested up to ~m/z 300. Since this is already discussed by Kürten et al. (2007), we omitted it from 

the present manuscript. 

Page 6, line 9/10: what about other compounds like water, ammonium and chloride? If the usable 

mass range starts at 30 amu, it means that the important compound class ammonium cannot be 

measured as in the standard AMS, please discuss 

This is correct, with this setup ammonium cannot be determined. Non-refractory chloride (in 

atmospheric applications typically NH4Cl) in principle should be detectable (m/z 35 and 36), but 

under typical ambient conditions is very low in concentration (during the measurement discussed 

here the average Chl concentration measured with the AMS was 0.04 µg/m3, i.e., below the 

expected detection limit of the IT-AMS). We added a short discussion on this in P 9, L14-18: 

͞Note that with the IT-AMS, unlike the ToF-AMS, ammonium mass concentration cannot be 

determined due to artefacts in the m/z range <m/z 30, as described above. Another species typically 

reported from ToF-AMS measurements, non-refractory chloride, in principle should be possible to 

detect with the IT-AMS (dominant mass spectral lines at m/z 35 and 36), but has not been observed 

during this measurement due to very low mass concentrations (campaign average of 0.04 µg m-3 

found with the ToF-AMS).͟ 

Page ϳ, liŶe ϭ: should theƌe ďe a ͞ш͟ sigŶ iŶstead of ͞>͟? 

We are discussing sigŶals шŵ/z ϯϬ, ďut siŶĐe ŵ/z ϯϬ is defiŶed iŶ this ĐoŶteǆt as ďeiŶg doŵiŶated ďǇ 
nitrate, the signals assigŶed to ͞oƌgaŶiĐs͟ (which we are referring to here) are at m/z >30. 

Page 7, line 20-23: this cannot be the only explanation as the signals are well above the LOD (1.3 / 0.7 

μg/m3), any other ideas? 

We added a potential additional explanation to this discussion (P8, L30-31): 

͞Also the fact that the observed range of mass concentrations for sulphate was smaller than for 

organics and nitrate might have added to the less tight correlation for this species.͟ 

Page 8, line 26: what is the fraction of the doubly charged ions? where are they coming from (from 

the ion source or from reactions inside the ion trap)? 



We did not perform dedicated measurements in order to quantify the fraction of doubly charged 

ions, but from our measurements we can provide a lower limit of ~10 %. We added this information 

;͞to at least ~10 %͟, P10 L28) to the manuscript. 

We do not know for sure ǁheƌe these ioŶs aƌe ĐoŵiŶg fƌoŵ, ďut siŶĐe EI as ͞haƌd͟ ioŶizatioŶ 
technique is known to produce singly as well as doubly charged ions, we think that they are 

originating from the ion source rather than from reactions inside the ion trap. 

Page 9, line 24: please explain better how the value of the ion recovery is exactly determined 

We added a short explanation on how ion recovery is defined here: 

͞i.e., the total signal of all fragment ions detected in MS
2
 divided by the concurrent loss in signal of 

the parent ion͟ (P11, L26-27) 

Page ϭϬ, liŶe Ϯϳ: please add ͞aŶd piŶoŶiĐ aĐid͞ afteƌ „… ;piŶk ĐoloƌͿ͞ 

Done 

Figure 1: (i) the photographs in panel b) are too small, (ii) the functionality of the deflection plate 

shown in panel c) should be explained in more detail in the text 

We enlarged the photographs (see Figure 1 in the revised manuscript), as requested by the reviewer. 

The functionality of the deflection plate is now explained in more detail in Sect. 2 (P5, L10-19, see 

reply to comment above). 

Figure 2: is this the final data after correcting for the backgrounds, etc.? it says the IT-AMS has a 

lower signal to noise, but why are the IT-AMS signals larger by a factor of 10? if this is the case then 

the sensitivity could be significantly improved by reducing the noise; what is causing the high noise? 

These are the finalised mass spectra corrected for duty cycles and background effects (i.e., difference 

mass spectra of open and closed). We added this information to the figure caption. – Regarding the 

signal intensities: note that both mass spectra are normalized to their signal intensity at m/z 28. Due 

to the fact that the IT-AMS mass spectrum shows lower relative contribution of m/z 28 (due to 

reactions in the ion trap, see also discussion in the manuscript), the relative signal intensities of the 

other ions are higher than in the ToF-AMS mass spectrum, which explains the apparently higher (but 

only relative to m/z 28!) signal intensity in the shown mass spectrum. We changed the figure caption 

to make this normalization to m/z 28 clearer for the reader: 

͞Comparison of average difference mass spectra measured with the IT-AMS and the ToF-AMS during 

11-day long ambient measurements. Shown are the average mass spectra normalised (after 

conversion to ion rates) to their respective mass spectral signal at m/z 28 (upper panel) and the ratio 

(IT-AMS to ToF-AMS) of these relative signal intensities, colour-coded for the dominant species at the 

respective m/z (lower panel).͟ 

Figure 3: sulfate: memory effects? heater temp. the same? 

The heater temperature for both instruments was ~600 °C. If there were any memory effects 

regarding sulphate, such effects should already have been accounted for by the calculation of 

difference mass spectra, i.e. changing background signal is continuously corrected for. We are not 



aware of other, unaccounted for memory effects which could systematically detriment the 

measurement of ammonium sulphate present in atmospheric aerosol particles. 

Figuƌe ϲ aŶd Figuƌe ϳ: eǆplaiŶ ǁhat "fƌaĐtioŶ͟ ŵeaŶs as the fƌagŵeŶts do Ŷot seeŵ to add up to 
100% 

Foƌ the M“Ϯ ƌesults, ͞fƌaĐtioŶ͟ ƌefeƌs to the intensity of the fragment ion relative to the most intense 

fragment ion, as explained in the figure caption. For the ToF-AM“ ƌesults, ͞fƌaĐtioŶ͟ ŵeaŶs the 
relative contribution of the various fragment ions to the UMR m/z. The missing contributions the 

reviewer commented on are caused by other fragment ions which contribute to the UMR m/z to a 

small extent, but are not displayed in these figures for clarity. We clarified this in the figure captions: 

͞On the left, the relative contributions of [C3H3O]+ and [C4H7]
+ to m/z 55 and of [C3H5O]+ and [C4H9]+ 

to m/z 57 are given (from ToF-AMS measurements; the difference to 100 % is due to one or several 

other ions contributing little to the respective m/z).͟ 
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Abstract. Further development and optimisation of a previously described ion trap aerosol mass spectrometer (IT-AMS) are 10 

presented, which resulted in more reproducible and robust operation and allowed for the instrument’s first field deployment. 

Results from this 11-day long measurement indicate that the instrument is capable of providing quantitative information on 

organics, nitrate, and sulphate mass concentrations with reasonable detection limits (0.5 – 1.4 µg m-3 for 1 h averages), and 

that results obtained with the IT-AMS can directly be related to those from Aerodyne aerosol mass spectrometers. The 

capability of the IT-AMS to elucidate the structure of fragment ions is demonstrated via an MS4 study on tryptophan. 15 

Detection limits are demonstrated to be sufficiently low to allow for MS2 studies not only in laboratory, but also in field 

measurements under favourable conditions or with the use of an aerosol concentrator. In laboratory studies the capability of 

the IT-AMS to differentiate [C4Hy]
+ and [C3HyO]+ fragments at the nominal m/z 55 and 57 via their characteristic 

fragmentation patterns in MS2 experiments was is demonstrated. Furthermore, with the IT-AMS it is possible to distinguish 

between fragments of the same elemental composition ([C2H4O2]
+ at m/z 60 and [C3H5O2]

+ at m/z 73) originating from 20 

different compound classes (carboxylic acids and sugars) due to their different molecular structure. These findings constitute 

a proof of concept and could provide a new means of distinguishing between these two compound classes in ambient organic 

aerosol. 

 

Keywords: ion trap; aerosol mass spectrometry; sugar; carboxylic acid; structure determination 25 

1 Introduction 

Despite the fact that atmospheric aerosol particles have an important influence on air quality, public health, and the climate 

system, the knowledge on the influence of individual aerosol particle chemical components remains limited (Fuzzi et al., 

2015). One main contributor to fine particulate matter is organic aerosol (Kanakidou et al., 2005), which includes a large 

variety of different, to a large part unknown, organic molecules (Goldstein and Galbally, 2007). 30 



2 
 

Much work has been invested in the past in order to chemically characterise the organic material present within the ambient 

aerosol, mostly using mass spectrometric techniques (Hoffmann et al., 2011). For off-line analyses of filter samples from 

atmospheric aerosol particles, mass spectrometry is often coupled to chromatographic methods for prior separation of the 

organic compounds (Pratt and Prather, 2012), while with the most commonly used on-line techniques either single particles 

(Murphy, 2007; Silva and Prather, 2000) or small ensembles of particles (Canagaratna et al., 2007) are analysed without 5 

prior separation of substances. 

The cCurrently, the most widely used instrument deploying the latter method is the Aerodyne aerosol mass spectrometer 

(AMS, Aerodyne Inc.; Jayne et al., 2000), in which ensembles of particles are flash-vaporised at typically ~600 °C and the 

evolving vapour is ionised by electron impact ionisation before mass spectrometric analysis, usually with a time of flight 

mass spectrometer (ToF-AMS; Drewnick et al., 2005; DeCarlo et al., 2006). Since here a large number of different 10 

molecules is are analysed simultaneously, a mathematical deconvolution algorithms have has to be applied to the acquired 

mass spectra in order to obtain information on different particle components (Allan et al., 2004). Due to the thermal 

desorption (which already might cause some fragmentation) and additional ―hard‖ electron impact ionisation, molecules are 

strongly highly fragmented, which means a partial loss of the original molecular information (e.g., typically no molecular ion 

is observed). On the other hand, since different molecules containing the same sub-structure will be reduced to the same 15 

fragment ions, this considerably reduces the complexity of information when dealing with mixtures of a large variety of 

different organic compounds (Hoffmann et al., 2011) while some important information on the original molecular structures 

are still retained in these common fragment ions, which enables the determination of ―types‖ of organic particle constituents 

using positive matrix factorisation (Zhang et al., 2011). 

The differentiation of organic components can be further constrained and improved using the higher resolution ToF-AMS, 20 

which has a mass resolution of ~2000 or ~4000 in two modes providing higher and lower sensitivity, respectively (DeCarlo 

et al., 2006). With these resolutions, it is possible to distinguish between isobars, i.e., ion fragments of the same nominal 

mass to charge ratio (m/z), but with different elemental compositions. For example, a prominent mass spectral signal at m/z 

55 is observed in both hydrocarbon-like (traffic-related) and cooking-related organic aerosol. While this signal seems to be 

related mostly to [C4H7]
+ in hydrocarbon-like organic aerosol, an additional large fraction of [C3H3O]+ at the same nominal 25 

m/z is found for cooking-related organic aerosol (Sun et al., 2011). 

While some information on elemental composition of the fragment ions can be obtained with the ToF-AMS, it does not 

allow for the differentiation between fragment ions of the same elemental composition, but with different structural formulas 

(i.e., isomeric ions). Such information can be obtained using ion trap mass spectrometers (March, 1997), which allow not 

only for measuring a ―classic‖ mass spectrum (MS), but enable also MSn studies. In such experiments, ions of a single 30 

nominal m/z are first isolated and then fragmented by collisions with buffer gas atoms (collision induced dissociation, CID). 

The resulting fragment ions can be either mass scanned, which provides the mass spectrum of the fragment ions (MS-MS, or 

MS2), or again ions of a certain m/z can be separated and fragmented, and so on (MSn). From the fragment ions and 

fragmentation pathways, conclusions on the molecular structure of the parent ion can be drawn (March, 1997; McLafferty 
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and Tureček, 1993). Additionally, ion/molecule reactions inside the ion trap can be utilized in order to differentiate between 

isobaric or isomeric ions (e.g., Kascheres and Cooks, 1988). 

Due to their capability to elucidate the molecular structure of organic molecules, ion traps are often coupled to ―soft‖ 

ionisation techniques, in order to preserve the molecular structure of the compounds of interest as much as possible. For 

atmospheric applications, e.g., vacuum ultraviolet single photon ionisation (Hanna et al., 2009; Schramm et al., 2009), 5 

proton transfer reaction (Thornberry et al., 2009), and atmospheric pressure chemical ionisation (Vogel et al., 2013) have 

been successfully applied in conjunction with ion trap mass spectrometry. Kürten et al. (2007) introduced an instrument 

which represents a synthesis of an AMS ionisation chamber (thermal desorption / electron impact ionisation) with a 

quadrupole ion trap mass spectrometer; a similar instrument was also developed by Harris et al. (2007). With these systems, 

a strong reduction in complexity of ambient organic aerosol mass spectra (which consist of a large number of different 10 

organic molecules) is achieved compared to ―soft‖ ionisation techniques, while still some additional information, e.g., on 

molecular functionality can be obtained which is not accessible from ToF-AMS measurements. 

Here, we present further design improvements of the ion trap aerosol mass spectrometer (IT-AMS) originally introduced by 

Kürten et al. (2007). Technical improvements enable more robust and reproducible measurements with this instrument since 

the work of Kürten et al. (2007) and allowed for the instrument’s first field deployment. We show how the IT-AMS 15 

compares with a regular ToF-AMS and demonstrate its MSn capability up to MS4, also providing an estimate of the related 

detection limits. Finally, from MS2 studies on various compounds, we demonstrate how the IT-AMS is capable of 

distinguishing between isomeric fragment ions of different molecular structures even if they have the same elemental 

composition, which could provide a means to distinguish between – and potentially quantify – carboxylic acids and sugars in 

organic aerosol, and with more extensive calibration potentially also to quantify their relative fractions in more complex 20 

mixtures. Since sugars and carboxylic acids can be associated with different aerosol sources (sugars originate e.g. from 

biomass burning or primary biological material, while carboxylic acids originate e.g. from photo-oxidation of organic 

precursors (Graham et al., 2003)), this would help in further improving the differentiation of various organic aerosol 

components and therefore in source apportionment of atmospheric organic aerosol. 

2 Instrumental developments 25 

The original setup and the working principle of the ion trap aerosol mass spectrometer (IT-AMS) are described in detail in 

(Kürten et al., 2007). Here, only a brief overview of the instrument is given (Fig. 1). The instrument consists of the same 

commercially available particle inlet and ionisation chamber as contained in the AMS (Jayne et al., 2000), coupled to a 

home-built quadrupole ion trap (Kürten et al., 2007). Sub-micron sized particles entering the instrument are focused by a 

Liu-type aerodynamic lens ((Liu et al., 1995); see (Fachinger, 2012) for details on the lens characteristics). A shutter located 30 

behind the inlet can be either closed to block the particle beam (measurement of instrumental background) or opened 

(particle beam plus background), enabling the calculation of ―difference‖ mass spectra (open minus closed) originating 
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purely from the particle beam (Canagaratna et al., 2007). In the ionisation chamber the particles are flash-vaporised on a hot 

tungsten surface (~600 °C), and the resulting vapour is ionised by electron impact ionisation (70 eV). The ions are extracted 

through ion optics to the quadrupole ion trap, which consists of a ring electrode and two hyperbolical end cap electrodes with 

modified angle geometry with r0 = 1 cm and z0 = r0/√    = 0.725 cm, where r0 and z0 are the shortest distances from the 

centre of the trap to the ring and end cap electrodes, respectively. In the ion trap, the ions can be stored and manipulated; 5 

ions leaving the trap are then detected using a channeltron (KBL510, Sjuts). High purity helium (6.0, Westfalen AG) is used 

as buffer gas in the ion trap. Mass spectral resolution depends on the settings (Kürten et al., 2007) and was ~400 for the 

measurements described here. 

While the instrument described in (Kürten et al., 2007) was capable of providing quantitative information on aerosol 

components, it suffered from a lack of user-friendliness and from limited long-term stability and reproducibility of the 10 

measurementssettings. Therefore, in order to prepare the instrument for field measurements and regular laboratory 

applications, several hardware (electronical and mechanical) as well as instrument control software modifications were 

performed, all aiming at a more robust, versatile, and user-friendly operation of the instrument. The operation principles for 

the MS and MSn measurements, e.g., mass range extension, ion isolation, and ion excitation and fragmentation, were 

nevertheless kept the same. We only describe the most important changes in detail here; these as well as some other, minor 15 

modifications are only briefly summarised and their details can be foundare also described in (Fachinger, 2012). 

Most importantly, three hardware modifications related to the mechanical design of the instrument were realised (see Fig. 1, 

inserts): 

- In the ion trap, instead of theoriginally ceramic washers of 2.87 mm ± 25 µm thickness were used by Kürten et al. 

(2007) as spacers between the ring and end cap electrode, and the electrodes were held by four threaded bars 20 

insulated by ceramic shells with a play of 0.5 mm each. Due to these rather large allowances for tolerance, the 

electrodes could not be assembled reproducibly enough to maintain the geometry (i.e., without rotation or tilting of 

the electrodes), and after each re-assembly of the electrodes the voltage settings for the various operations (e.g., 

trapping, scanning, resonant excitation) had to be re-tuned. , To avoid this, now four ruby spheres (diameter 

6 mm ± 0.635 µm) sitting in precise countersinks (1.3 mm ± 10 µm) are used instead of the ceramic washers for a 25 

more defined mounting (insert B). This allows for a more reproducible assembly of the electrodes (i.e., invariant 

geometry), and consequently more reproducible voltage settings without needing to re-tune after each re-assembly 

of the ion trap electrodes. 

- In order to ensure stable and reproducible ion signal intensities, constant helium pressure in the ion trap is needed, 

which is achieved in the IT-AMS by a constant inlet mass flow of helium and constant pumping speed. In the 30 

original setup, this helium inlet flow was regulated via a needle valve, and therefore changed with changing ambient 

(upstream) pressure (over the course of four days, a relative standard deviation of 2 % was found at an average 

pressure of 2·10-5 hPa measured outside the trap). Now, constant inlet mass flow is provided by a critical orifice 

(30 µm inner diameter) with constant upstream pressure ensured by a pressure-controlled mass flow controller 
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(Bronkhorst High-Tech B.V., EL-PRESS P-502-C and F-004AC with a specified flow rate of ≤0.7 L min-1; insert 

A). With this system, the pressure inside the system (7·10-5 hPa, measured outside the trap) was found to be stable 

within less than 1 % (relative standard deviation of 15 s data) over the course of eleven days. 

- The ion trap needs a pulsed ion source so that ions are only generated and transmitted to the ion trap during the 

trapping phase, but not during the analysis phase. This was realised in the original setup by gating of the ion source 5 

cage voltages (Kürten et al., 2007): only during the trapping phase, electrons were accelerated into the ion source 

cage, while in the other phases, they were deflected from it. This led to an instable filament emission current 

directly after switching the voltages, potentially due to the build-up of space charges. Now, a more stable filament 

emission current (and therefore better reproducibility) is achieved by the use of a modified filament which allows 

for pulsed ion source operation: In the original filament, the emission of the electrons (defined by the filament 10 

current) and the voltage of the filament’s deflection plate were electronically coupled in such a way that emitted 

electrons always were repelled by the deflection plate and accelerated away from the filament and towards the ion 

cage. In the modified filament the deflection plate is electronically decoupled from the filament, such that electrons 

are emitted continuously, but the voltage of the deflection plate can be set independently and switched from 

negative to positive sign.: By this means, electrons emitted by the filament are now either deflected or absorbed by 15 

thisa deflection plate (insert C), depending on whether they are needed in the ion source or not. This controlled 

absorption of the electrons (instead of only repelling them from the ion cage) allows for a more defined gating of 

the electrons and avoids the potential build-up of space charges. 

Also on the electronic parts of the instrument, several smaller modifications (the capacitive coupling between the ring / end 

cap electrodes of the ion trap, the radiofrequency voltage generator, and the housing was improved; more flexible and robust 20 

electrical and communication connections of the electronics controller with the instrument; and integration of a vacuum 

interlock) were performed aiming at enhanced stability and reproducibility, easier handling, and improved flexibility. These 

modifications are described in detail in (Fachinger, 2012). 

The IT-AMS is controlled via a program written in LabVIEW (v.8.5, National Instruments), which is also utilised for data 

acquisition. As detailed in (Fachinger, 2012), thThe originalis software was very rudimentary and did not contain several 25 

important features needed for a routine deployment of the instrument. Therefore this software was extended and now allows 

forincludes the option for a semi-automatic tuning of operation parameters, i.e., the instrument is programmed by a user-

adaptable text file to automatically scan the various (five for MS, nine for MS2) parameters of interest and to save the results, 

which then can be inspected to find the optimal set of tuning parameters. The software now also allows for much more 

flexibility in the measurement types and their operating conditions (MS, MS2, MSn>2 (n ≤ 5), mass range extension), 30 

programming long series of measurements, and the control of the shutter to enable automatic switching between open / 

closed measurements, as described above. Furthermore, all instrumental settings and parameters are now saved along with 

the mass spectra after each measurement cycle. 
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3 Laboratory and field measurements 

In the laboratory studies performed separately with the IT-AMS and the ToF-AMS, respectively, particles were typically 

generated from an aqueous solution of the respective substance (Table 1) using a nebuliser (model 3076, TSI Inc.). Oleic 

acid was dissolved in ethanol instead of water (in case of the ToF-AMS, an aqueous suspension was used), while butyl 

valerate in both cases was leaked as vapour directly into the instrument. After generation, the aerosol was dried using two 5 

consecutive silica gel diffusion driers before sampling with the IT-AMS or high resolution ToF-AMS (DeCarlo et al., 2006), 

respectively. For the determination of the MSn detection limits using tryptophan (Sect. 4.2), monodisperse aerosol (130 nm 

mobility diameter) was generated by classifying the dried particles using a differential mobility analyser (model 3081, TSI 

Inc.). Parallel measurement of particle number concentration using a condensation particle counter (model 3025A, TSI Inc.) 

enabled the calculation of the sampled aerosol mass concentration, assuming spherical particles with the bulk density of 10 

tryptophan (1.34 g cm-3). 

Continuous measurements of ambient aerosol using the IT-AMS and a high resolution ToF-AMS were concurrently 

performed on the Mt. Kleiner Feldberg (Central Germany) from 29 August to 09 September 2011, within the context of a 

larger measurement campaign (Sobanski et al., 2016). Both instruments were sampling in parallel through two separate inlets 

(7 m a.g.l), which were located in about 5 m distance from each other. Since no local sources were close to the measurement 15 

site, only regional background aerosol was measured, which can be expected to be homogeneously distributed on this spatial 

scale. The IT-AMS was measuring with a time resolution of 30 s (10 s particle beam blocked, 10 s open, with 5 s waiting 

time between each half-cycle; during each 10 s interval 100 mass spectra were averaged, each acquired after 50 ms ion 

accumulation time), the ToF-AMS with a resolution of 60 s (containing 15 s beam blocked, 15 s open, and 30 s size 

distribution measurement). 20 

In all laboratory and field measurements, ions were trapped over 50 ms at a radiofrequency (1.3 MHz) drive voltage of 250 

to 700 V amplitude (zero-to-peak) applied to the ion trap ring electrode. To reach the maximum m/z of 135 used within this 

work, in the laboratory experiments – if needed – the mass range was extended by applying an additional voltage of 400 mV 

amplitude (zero-to-peak) with a frequency of 400 kHz to both end cap electrodes. In MSn experiments, ions of m/z of interest 

were isolated (typically within a range of ± 5 m/z, but sometimes up to ± ~15 m/z) by broad band excitation using a filtered 25 

noise field (Julian and Cooks, 1993) before they were fragmented using collision induced dissociation (CID, see parameters 

in Table 2). 

Measured IT-AMS mass spectral signals were converted to ion rates (number of measured ions divided by the length 

ofduring the trapping phase) and integrated to unit mass resolution (UMR) mass spectra using home-built procedures in 

IGOR Pro (v.6.22, WaveMetrics Inc.) and MATLAB (R2006, MathWorks). High resolution ToF-AMS data were analysed 30 

using SQUIRREL v.1.44 and PIKA v.1.04 and higher (SQUIRREL, 2016). 

From the ToF-AMS field data, organics, nitrate, and sulphate mass concentrations were determined using the fragmentation 

pattern table (Allan et al., 2004) within SQUIRREL (v.1.51H), which was corrected adjusted to correct for background 
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effects using routinely performed measurements of particle-free air (obtained by inserting a high efficiency particulate 

arrestance filter in the sampling line). Ionisation efficiency of the ToF-AMS was determined prior to the campaign applying 

the established method (Canagaratna et al., 2007) using dried NH4NO3 particles of known mobility diameter (400 nm). A 

collection efficiency of 50 % was applied following Canagaratna et al. (2007), which resulted in good agreement with other 

co-located measurements (Fachinger, 2012): Comparison of the 1 min averaged time series of PM1 calculated by summing 5 

all ToF-AMS measured species plus independently measured black carbon (using a Multi-Angle Absorption Photometer 

MAAP, model 5012, Thermo Scientific) with measurements of total PM1 (using an Environmental Dust Monitor EDM 180, 

Grimm Aerosol Technik GmbH & Co. KG) gave a correlation of Pearson’s R2 = 0.91 and a slope of 1.11, i.e. good 

agreement within the uncertainty of the ToF-AMS of ~30 %. 

For the IT-AMS field data, difference mass spectra were calculated from the UMR mass spectra obtained during beam open 10 

and blocked time. From these, species-resolved total ion rates for organics, nitrate, and sulphate were calculated using a 

simplified fragmentation pattern table (due to reduced signal to noise ratio) by summing the mass spectral signal of the m/z 

containing the respective species’ dominant ions in the m/z range 30 – 106 (nitrate: m/z 30, 46; sulphate: m/z 48, 64, 80, 81, 

98; organics: all other m/z except 32, 39, 40). 

4 Results and discussion 15 

4.1 Measurement of ambient aerosol: comparability to ToF-AMS results 

Figure 2 shows a comparison of the average mass spectra from the IT-AMS and the ToF-AMS, acquired during 11 days of 

field measurement. The m/z 30 and above are colour-coded for the species (organics, nitrate, sulphate) with which they are 

dominantly associated with (see Sect. 3). Here, we discuss general trends on the basis of the campaign average in order to 

minimise the statistical uncertainty. The same features are typically also visible when comparing 1 h averaged mass spectra; 20 

in that case the observed trends are more distinct at higher absolute mass concentration (i.e., at higher signal to noise ratio). 

Strong differences between the mass spectra are observed in the m/z range below 30. Apart from the potential influence of 

lower ion transmission or lower trapping efficiencies for low m/z ions in the IT-AMS,  Tthis is probably mostly due to the 

strong influence of charge-transfer reactions in the ion trap during the trapping phase in this m/z range, e.g., involving N+, 

O+, N2
+, or O2

+ (Dotan et al., 1997; Hierl et al., 1997). m/z 28 (N2
+), 32 (O2

+) and 40 (Ar+), but also m/z 44 (CO2
+) are 25 

depleted in the IT-AMS compared to the ToF-AMS mass spectrum, likely due to formation of more stable ions by charge-

transfer reactions in the ion trap (Ottens et al., 2005). Furthermore, the ratio of m/z 18 to m/z 19 (H2O
+ to H3O

+) is much 

smaller (by more than 99 %) in the IT-AMS mass spectrum compared to that of the ToF-AMS, probably caused by proton 

transfer reactions occurring in the ion trap (H2O + H2O
+ → H3O

+ + ·OH, (Cole et al., 2003)). In laboratory experiments, we 

found that with increasing ion accumulation and reaction times, this ratio decreases exponentially, converging to a ratio of 30 

~1:1 at accumulation times ≥200 ms. Beside these differences, a plateau of more or less constant relative signal intensity is 

observed from m/z 20 to 27 for the IT-AMS (Figure 2, lower upper panel), but not for the ToF-AMS. Kürten (2007) found 
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that this plateau disappears (i.e., the mass spectral pattern in this m/z range becomes more similar to that of the ToF-AMS) 

when an additional reaction time is applied to allow for collisional cooling (Wu and Brodbelt, 1992). It can therefore be 

considered an artefact. In this work, we focus on m/z 30 and above, since the deconvolution of ion signal below m/z 30 is 

complicated due to the contribution of several species to most single m/z (Allan et al., 2004) and the relatively strong 

influence of artefacts in this m/z range. 5 

Considering the organics signal at m/z >30, most strikingly, an increasing signal ratio (IT-AMS / ToF-AMS) with increasing 

m/z is observed (Figure 2, upper lower panel). This probably is explained by different ion transmission efficiency curves 

with respect to m/z for the two instruments, which can easily be accounted for by calibrations. Importantly, though, the 

fragmentation pattern (Figure 2, lower upper panel) is comparable between both instruments (Pearson’s R2 of 0.78; if m/z 44 

– which is influenced by charge-transfer reactions inside the trap, see above – is disregarded, R2 = 0.90), despite the much 10 

longer residence time of the ions in the ion trap (50 ms accumulation time) compared to the ToF-AMS. Thus results obtained 

with the IT-AMS, including MS-MS measurements, are directly transferable to ToF-AMS measurements. This comparability 

needs to be validated also for other accumulation and reaction times. 

In contrast, signals of m/z mostly related to sulphate fragments are strongly depleted in the IT-AMS compared to the ToF-

AMS mass spectrum, and also the fragmentation pattern is different. The signal ratio of m/z 48 to m/z 64, which are 15 

dominated by the sulphate ion fragments SO+ and SO2
+, is 0.8 in the ToF-AMS mass spectrum, but 1.7 in that of the IT-

AMS, despite the opposing trend of ion transmission efficiency. Both decomposition of the ions and charge-transfer 

reactions (with different efficiency for different ions) could cause this ion depletion and fragmentation pattern changes. This 

needs to be further investigated, also as a function of accumulation and reaction times. Contrary, for nitrate-related ions, no 

depletion in the IT-AMS has been found. 20 

Figure 3 shows the measured organics, nitrate, and sulphate concentration time series for both instruments. No calibration 

measurements were performed fFor the IT-AMS, whose the results are therefore reported both in ion rates and in mass 

concentrations, which are calculated using the linear relationships with the ToF-AMS (Fig. 3, inlays). For all three species, 

the time series measured with IT-AMS and ToF-AMS correlate linearly over the range of observed mass concentrations 

(Fig. 3), confirming the capability of the IT-AMS to quantitatively measure species mass concentrations independently using 25 

adequate calibrations for all species, as demonstrated for nitrate by Kürten et al. (2007). The squared Pearson’s correlation 

coefficients for 10 min (1 h) averaged time series are 0.82 (0.88) for organics, 0.68 (0.65) for nitrate, and 0.37 (0.58) for 

sulphate (Fig. 3). The much lower correlation coefficient for sulphate compared to the other species is in agreement with the 

observation of much lower response (and therefore, lower ion rates and signal-to-noise ratio) of the IT-AMS for sulphate 

than for nitrate and organics (Figs. 2 and 3). Also the fact that the observed range of mass concentrations for sulphate was 30 

smaller than for organics and nitrate might have added to the less tight correlation for this species. 

From the calibration of the IT-AMS against the ToF-AMS, furthermore relative ionisation efficiency (RIE) values for 

sulphate and organics can be calculated for the IT-AMS. The relative ionisation efficiency is a constant factor with which the 

ionisation efficiency (determined in calibrations using ammonium nitrate) is multiplied in order to get the species-dependent 
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ionisation efficiency. In order to determine these RIEs, the slope obtained for nitrate from the correlation depicted in Fig. 3 

(inlay) is related to those determined for organics and sulphate, respectively. By this means, RIE values of 0.4 for sulphate 

and of 1.7 for organics were found. For organics, this is slightly higher than the RIE value of 1.4 used for the ToF-AMS, 

consistent with the slightly higher ion transmission of the IT-AMS for larger m/z (to which mostly organics are contributing). 

For sulphate, the RIE of 0.4 is much smaller than the sulphate RIE value typically used for the ToF-AMS (1.2), consistent 5 

with the depletion of sulphate-related ions in the IT-AMS, as described above. It also has to be kept in mind that even 

without those influences, not exactly the same RIE values as for the ToF-AMS can be expected due to the use of a simplified 

fragmentation pattern table (see Sect. 3). 

By calibrating the IT-AMS for nitrate as demonstrated by Kürten et al. (2007), with the RIE values determined here the mass 

concentrations of sulphate and organics can be directly obtained from IT-AMS measurements. Note, however, that RIE 10 

values might change with different accumulation and reaction times, and therefore need to be newly measured when 

changing the instrumental settings. The uncertainty of the derived mass concentrations can be estimated to 30 % (which 

includes the uncertainty due to ionisation efficiency, relative ionisation efficiency, and collection efficiency), the same as 

usually estimated for ToF-AMS measurements. Note that with the IT-AMS, unlike the ToF-AMS, ammonium mass 

concentration cannot be determined due to artefacts in the m/z range <m/z 30, as described above. Another species typically 15 

reported from ToF-AMS measurements, non-refractory chloride, in principle should be possible to detect with the IT-AMS 

(dominant mass spectral lines at m/z 35 and 36), but has not been observed during this measurement due to very low mass 

concentrations (campaign average of 0.04 µg m-3 found with the ToF-AMS). 

The mass concentration time series derived from the IT-AMS measurements using the linear correlation with the ToF-AMS 

measurement (Fig. 3, inlays) within their uncertainty agree well with those of co-located measurements: the sum of black 20 

carbon (from MAAP) with IT-AMS sulphate, nitrate, and organics and corrected for the missing species ammonium by 

assuming fully neutralised aerosol (as expected for regional background aerosol and validated by the ToF-AMS 

measurements) correlates well with the total PM1 mass concentration measured with the EDM (slope = 1.03, R2 = 0.64 for 

1 h data). 

Detection limits for organics, nitrate, and sulphate are calculated following the method by Drewnick et al. (2009). For this, 25 

ion rates measured with the IT-AMS are converted to mass concentrations using the linear relationship with the ToF-AMS 

results (Fig. 3). Detection limits for 10 min (1 h) averages are (3.7 ± 1.1) µg m-3 (1.4 µg m-3) for organics, (1.3 ± 0.4) µg m-3 

(0.5 µg m-3) for nitrate, and (1.3 ± 0.4) µg m-3 (0.7 µg m-3) for sulphate (for 1 h averages: (1.4 ± 0.4) µg m-3 for organics, 

(0.5 ± 0.2) µg m-3 for nitrate, (0.7 ± 0.2) µg m-3 for sulphate). The higher detection limit for organics can be explained by the 

fact that the mass spectral signal is distributed over a much larger number of m/z (Fig. 2), thereby lowering the signal-to-30 

noise ratio. For all three species, the detection limits found for the IT-AMS are two to three orders of magnitude higher than 

those reported for the ToF-AMS (DeCarlo et al., 2006; Drewnick et al., 2009), due to much lower ion rates (by three orders 

of magnitude). Thus, the IT-AMS is capable of providing absolute mass concentrations of organics, nitrate, and sulphate at 
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typical ambient concentrations, e.g., in urban areas (i.e., in the order of several µg m-3) after application of adequate 

calibrations. 

4.2 Prospects and limitations of MS
n
 studies 

While the IT-AMS has lower sensitivity compared to the ToF-AMS, it allows for more detailed, in-depth studies of the 

measured aerosol. Using MSn studies, it is possible to derive structural information on the measured ions, while with the 5 

ToF-AMS, only information on their elemental composition can be obtained. 

In this section, we discuss the potential of MSn studies with the IT-AMS exemplarily by means of results obtained for two 

compounds: glutathione and tryptophan (Table 1). Their ―classic‖ mass spectra, obtained with the IT-AMS, are shown in 

Figs. 4a (glutathione) and 5a (tryptophan). Both show prominent ion signals at m/z 130, which judging from the structure of 

the respective parent molecules are likely from [C5H8O3N]+ (glutathione) and [C9H8N]+ (tryptophan). With the ToF-AMS, 10 

these would be possible to distinguish only in the mode of highest mass resolution (~4000), but not in the more sensitive 

mode of lower mass resolution (~2000) (DeCarlo et al., 2006). With the IT-AMS, they can be distinguished by means of 

MS-MS (MS2): CID of m/z 130 yields the fragment ions m/z 103 ([C8H7]
+) and m/z 128 ([C9H6N]+) for tryptophan (Fig. 5b), 

but m/z 83 ([C4H5ON]+) and m/z 84 ([C4H6ON]+) for glutathione (Fig. 4cb), revealing the different nature of their respective 

parent ions. 15 

The resulting ions (from MS2) can be further fragmented in order to obtain more detailed information on their molecular 

structure, as shown for tryptophan in Fig. 5c,d: CID of m/z 103 yields m/z 77 ([C6H5]
+) (MS3); the thereby formed ion at m/z 

77 can be further fragmented to m/z 50 ([C4H2]
+) and m/z 51 ([C4H3]

+) (MS4). When trying to fragment these ions (MS5), no 

ions (neither remaining parent ions at m/z 50 / 51, nor any fragments) could be detected. This could be because the ions are 

very stable and therefore are removed from the ion trap, even at very low amplitudes for resonant excitation; or because they 20 

are fragmented to ions of m/z <20, which were not analysed in the present study. 

Further information on the nature of the ions observed in the ―classic‖ MS can be obtained by comparing the CID products 

of different ions from the original mass spectrum (i.e., MS2 of these ions) with those of the fragmentation chain (MS3–5) of 

larger (parent) fragment ions: While MS2 of m/z 103, 77, and 50 results in the same fragment ions as observed in the 

respective MS3–5 studies of m/z 130 presented above, MS2 of m/z 51 yields different results. Here, m/z 39 ([C3H3]
+) and 25 

m/z 63 ([C5H3]
+) are formed while in the fragmentation chain no further fragmentation was observed for this ion. Therefore, 

it can be concluded that additionally to the fragmentation product of m/z 77 (i.e., [C4H3]
+), also the doubly charged ion 

[C8H6]
2+ contributes to m/z 51 in the ―classic‖ MS of tryptophan to at least ~10 %. The ions [C4H3]

+ and [C8H6]
2+ would not 

be possible to distinguish with the ToF-AMS. 

The detection limits of the tryptophan MSn experiments were calculated following the method by Drewnick et al. (2009) 30 

from the standard deviations of the signal intensities at the investigated m/z in a blank MSn measurement, and the signal 

intensity enhancements at the same m/z during MSn measurements of known tryptophan mass concentrations. All detection 

limits were calculated for averages of 3000 mass spectra, which correspond to measurement times of 6, 16, 28, and 46 
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minutes for the full MS, MS2, MS3, and MS4 cycles, respectively. The corresponding detection limits were found to be ~0.6, 

7, 13, and 30 µg m-3 at the given measurement conditions. This suggests that MS2 studies might be feasible under favourable 

conditions at ambient concentrations, while MSn>2 studies are only possible at high mass concentrations, as, e.g., in smog 

chamber studies or by applying an aerosol concentrator. 

4.3 Differentiation of organic compound classes 5 

In this section, we investigate how the IT-AMS is capable of distinguishing fragments of the same nominal mass, but with 

different molecular and/or structural formulas. This makes it not only possible to distinguish, e.g., between hydrocarbon-like 

and oxygenated organic species (Zhang et al., 2011), but potentially also between species with different functional groups, 

which would allow for the assignment of measured organic species to different compound classes. This potential is 

investigated by means of MS2 studies on various substances from different compound classes, particularly sugars and 10 

carboxylic acids (Table 1). 

4.3.1 Differentiation of ions of the same nominal mass, but with different molecular formulas 

The differentiation of ions of the same nominal m/z, but with different molecular formulas allows, e.g., for the distinction 

between hydrocarbon-like and oxygenated organic species. This kind of information is also accessible with a high resolution 

ToF-AMS, given the resolution at the respective m/z is sufficiently high, and is commonly retrieved from such data (Zhang 15 

et al., 2011). Here, we demonstrate how the IT-AMS is also capable of providing such information. Figure 6 shows a 

compilation of results from MS2 studies on m/z 55 and 57 for a variety of compounds. Also shown is the relative contribution 

of the major ions at these m/z measured with a ToF-AMS (left panels): [C3H3O]+ and [C4H7]
+ at m/z 55, and [C3H5O]+ and 

[C4H9]
+ at m/z 57. 

When fragmenting the ions at m/z 55 and 57 in the IT-AMS (MS2), clear differences in the resulting fragmentation patterns 20 

are observed between the different compounds. For sugars (glucose, saccharose, mannitol, levoglucosan; reddish/brownish 

colours in Fig. 6), but also for succinic and glutaric acid (carboxylic acids, bluish colours in Fig. 6), fragmentation occurs 

predominantly by loss of CO (28 Da, resulting in m/z 27 and 29 ions from parent ions at m/z 55 and 57, respectively). This 

points to [C3HyO]+ as the dominant parent ion for these compounds. Additionally, loss of CH2O (30 Da) is observed for MS2 

of m/z 57, yielding the fragment ion m/z 27 ([C2H3]
+), while for MS2 of m/z 55 for some of these compounds, loss of C2H2 25 

(26 Da) results in the fragment ion m/z 29 ([COH]+). Ion recovery (i.e., the total signal of all fragment ions detected in MS2 

divided by the concurrent loss in signal of the parent ion) is rather low for these compounds for MS2 of m/z 55 (<20 %), and 

slightly higher for m/z 57 (~40 %). 

In contrast, MS2 studies on oleic acid and butyl valerate reveal the dominant presence of [C4Hy]
+ fragment ions at the 

nominal masses m/z 55 and 57, consistent with the structure of the respective molecules (with long hydrocarbon chains, 30 

greenish colours in Fig. 6) and with results from corresponding ToF-AMS measurements (Fig. 6, left): For m/z 55, 

predominantly loss of H2 (2 Da), CH4 (16 Da), and C2H2 (26 Da) is observed. Less abundant is the fragment ion m/z 27, 
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originating from the loss of C2H4 (28 Da). For m/z 57, predominantly fragmentation to m/z 41 (loss of CH4, 16 Da) is found. 

Ion recovery for MS2 on these [C4Hy]
+ fragments was found to be much better (50 – 100 %) than for the [C3HyO]+ fragments 

discussed above. 

For pinonic acid and PEG200 (polyethylene glycol; see Table 1), no clear picture is obtained. For both compounds, MS2 

studies suggest dominance of [C4H7]
+ at m/z 55, with fragmentation patterns similar to those of oleic acid and butyl valerate. 5 

While this is comprehensible from the molecular structure for pinonic acid, for which also ToF-AMS results show a strong 

fraction of [C4H7]
+ at m/z 55, for PEG200, dominance of [C3H3O]+ would have been expected both from the molecular 

structure and from the ToF-AMS measurement (Fig. 6). This needs to be further investigated; it might be possible that the 

oligomeric structure of PEG200 plays a role here, which could lead to multiply charged larger ion fragments, and to ion 

rearrangements, and therefore to a different molecular structure of the ion with the elemental composition [C3H3O]+ and a 10 

different MS2 mass spectrum. For m/z 57, on the other hand, both PEG200 and pinonic acid show fragmentation patterns 

originating from [C3H5O]+, and only small contributions at m/z 41 which likely originate from fragmentation of [C4H9]
+. This 

is consistent with the absence of straight hydrocarbon chains in the molecular structures of these compounds (Table 1), and 

with the results from the respective ToF-AMS measurements (Fig. 6, left). 

These findings show that it is generally possible to distinguish between compounds containing straight hydrocarbon chains 15 

and such that do not contain them by MS2 experiments on m/z 55 and 57. Our results suggest that combined information 

from the MS2 fragmentation patterns and the corresponding ion recoveries could facilitate the quantitative determination of 

the relative contributions of the different ions ([C3HyO]+ vs. [C4Hy]
+) to these parent m/z. More work with a larger number of 

different compounds and under a larger range of operating conditions (in particular also for different vaporisation/ionisation 

as well as MS2 fragmentation conditions) is needed in order to test further this assumption and to develop a robust method 20 

for the quantification of the relative contributions of these ions to nominal m/z 55 and 57. 

4.3.2 Differentiation of ions with the same molecular formula, but different molecular structures 

While differentiation of ions with the same nominal mass, but different molecular formulas is possible both with the IT-

AMS and the ToF-AMS, the differentiation of ions of the same elemental composition, but with different molecular 

structures is unique to instruments such as the IT-AMS. This feature has already been demonstrated in Sect. 4.2 in the 25 

differentiation of singly and doubly charged fragments at m/z 51 in the case of tryptophan, and is further investigated here 

for ions of the nominal m/z 60 and 73 for a number of carboxylic acids and sugars. 

In Fig. 7, results from ToF-AMS measurements and IT-AMS MS2 studies on m/z 60 and 73 are summarised for a variety of 

sugars (reddish/brownish colours) and carboxylic acids (bluish colours). For m/z 73, also measurements of the polyether 

PEG200 (pink colour) and of pinonic acid are included in the figure. ToF-AMS measurements indicate the dominant 30 

contribution of the ions [C2H4O2]
+ and [C3H5O2]

+ to m/z 60 and 73, respectively, for both sugars and carboxylic acids (Fig. 7, 

first column). MS2 measurements with the IT-AMS, however, reveal differences in the molecular structure of these 

fragments between the two compound classes, which can be utilised for the differentiation between the latter. 
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While the ion at m/z 60 from sugars in MS2 experiments fragments only to ions of m/z 42 by loss of water (18 Da), for 

carboxylic acids additionally a small contribution of the fragment m/z 43 (loss of OH, 17 Da) is observed (Fig. 7a). This can 

be explained by different molecular structures of the parent ions [C2H4O2]
+ for the two compound classes, which can be 

deduced from the molecular structures of the respective parent compounds (Table 1): For sugars, the fragment ion [C2H4O2]
+ 

most likely consists of a diol, with two OH groups attached to two carbon atoms adjacent to each other. In contrast, in the 5 

fragment ion of the same molecular formula formed from fragmentation of carboxylic acids, both oxygen atoms most likely 

are attached to the same carbon atom, forming a carboxyl group. Alcohols fragment predominantly by loss of water, while 

carboxyl groups are known to also fragment by loss of OH (McLafferty and Tureček, 1993), which is in agreement with our 

findings. For all investigated compounds, ion recovery was found to be 100 %. 

Also in MS2 experiments on m/z 73 ([C3H5O2]
+), differences in the fragmentation chains of carboxylic acids and sugars were 10 

observed (Fig. 7b). While m/z 73 from sugars predominantly fragments by loss of CO (28 Da) to ions of m/z 45, for m/z 73 

from carboxylic acids this fragmentation pathway is less important, and in contrast it is fragmented predominantly by loss of 

water (18 Da) to ions of m/z 55. Notably, ion recovery was found to be very different for the two compound groups, with 

~100 % ion recovery for carboxylic acids, but only ~60 % for sugars, pointing to an additional fragmentation pathway for 

m/z 73 from sugars which was not traceable under the given measurement settings. Interestingly, the polyether PEG200 15 

shows a similar fragmentation pattern of m/z 73 as sugars, but with ~100 % ion recovery, pointing to yet another molecular 

structure of the ion with the chemical formula [C3H5O2]
+. 

These results indicate that with the IT-AMS, it should be possible to determine the relative contributions of carboxylic acids 

and sugars to the ions m/z 60 and 73 (even though they have the same elemental composition), given no major contributions 

from other compound classes are present. For MS2 on m/z 60, the ratio of relative intensities of the fragment ions m/z 43 to 20 

m/z 42 is a direct indication for the relative contribution of carboxylic acids to the parent ion: the ratio was found to be 

(0 / 100 %) for the sugars, but in the range (11 ± 1) % / 100 % for the tested carboxylic acids (Fig. 7a). For MS2 on m/z 73, 

the ratio of relative intensities of the fragment ions m/z 45 to m/z 55 was on average 100 % / 3 % (range 100 % / (2 – 5) %) 

for sugars, and 32 % / 100 % (range (13 – 57) % / 100 %) for carboxylic acids (Fig. 7b). 

Using these results and the average relative contributions of m/z 60 and 73 to the mass spectra of sugars and carboxylic 25 

acids, in principle the absolute contribution of these compound classes to the measured total organic mass concentration 

could be determined from MS2 experiments on ions of m/z 60 and 73, which would not be possible with the regular ToF-

AMS. More work is needed in order to test this possibility with a large number of compounds, concentration ranges, range of 

operating parameters (especially different MS2 fragmentation conditions and vaporisation/ionisation conditions), and also for 

mixtures of compounds. In first sensitivity studies for MS2 on m/z 73, we already found the presented differentiation to be 30 

robust for different aerosol loads, ion quantities in the trapping volume, and ion trapping parameters qz (see March, 1997). 

Further characterisation and calibration work is needed in order to fully facilitate quantification of the presented compound 

classes with the IT-AMS with more robust average values, and to identify the associated limitations and uncertainties, like, 

e.g., the cross-sensitivity observed for the polyether PEG200 at m/z 73. 
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5 Summary and conclusion 

An ion trap aerosol mass spectrometer (IT-AMS) was further developed and optimised, now allowing for more reproducible 

and reliable measurements while the instrument is also more robust and user-friendly and has extended measurement 

capabilities implemented in its data acquisition software. This allowed for the instrument’s first, 11-day long field 

deployment, during which it was continuously running in parallel to a regular ToF-AMS. The results show that the IT-AMS 5 

is capable of providing quantitative information on the major non-refractory submicron species organics, nitrate, and 

sulphate, with detection limits between 0.5 and 1.4 µg m-3 for 1 h-averages. IT-AMS and ToF-AMS apply the same type of 

ion source (thermal desorption / electron impact ionisation), and consequently the observed organics fragmentation patterns 

were found to be comparable between the two instruments. 

The capability of the IT-AMS to elucidate the structure of the fragmentation products observed in such mass spectra was 10 

demonstrated by an MS4 study on tryptophan. Detection limits were found to be sufficiently low to allow for MS2 studies on 

atmospheric particles under favourable ambient conditions (70.6 µg m-3 at a time resolution of 16 min in the given example), 

while MSn>2 studies are only feasible at higher concentrations. Such a situation can be reached either under laboratory 

conditions, or via aerosol concentrator systems. All in all, we conclude that the IT-AMS can provide in-depth, quantitative 

information on total organic aerosol and on individual ion fragments both in field and in laboratory studies, and that these 15 

results are directly relatable to ToF-AMS results. 

In laboratory studies on a variety of compounds, we found that the IT-AMS is capable of distinguishing [C4Hy]
+ and 

[C3HyO]+ fragments at the nominal m/z 55 and 57 via their characteristic fragmentation patterns in MS2 experiments. 

Furthermore, it is possible to distinguish between fragments of the same elemental composition, but with different molecular 

structures: different characteristic MS2 fragmentation patterns were found for the ions at m/z 60 and 73 for sugars and 20 

carboxylic acids, which have the same elemental compositions ([C2H4O2]
+ / [C3H5O2]

+) in both cases. While the fragment 

ions at these m/z originating from carboxylic acids and sugars therefore could not be differentiated with a ToF-AMS, the 

observed differences in their MS2 fragmentation patterns could be used to distinguish between the two compound classes 

using the IT-AMS: MS2 at m/z 60 yields ratios of average relative intensities of fragment ions m/z 43 to m/z 42 of 

11 % / 100 % for carboxylic acids, but of 0 % / 100 % for sugars. Similarly, at m/z 73, the ratio of relative intensities of the 25 

MS2 fragment ions m/z 45 to m/z 55 was on average 100 % / 3 % for sugars, but 32 % / 100 % for carboxylic acids. 

More research is needed in order to further constrain these average values by testing a larger number of compounds, and by 

also testing substances from other compound classes for potential cross-sensitivities. However, these results already indicate 

that instruments like the IT-AMS potentially enable the distinction between carboxylic acids and sugars in organic aerosol 

by means of MS2 experiments, which would further help on in organic aerosol characterisation and source apportionment. 30 
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Table 1: Organic substances investigated in the laboratory studies. n/a: not available. All purities were ≥98 %. 

Compound Structural formula 
Molecular 

formula 

Molecular weight / 

g mol
-1

 

Purity / % 

Butyl valerate a 
 

C9H18O2 158.24 ≥98 

Glucose b 

 

C6H12O6 180.16 >99.5 

Glutaric acid c 
 

C5H8O4 132.12 99 

Glutathione b 

 

C10H17N3O6S 307.32 >98 

Levoglucosan d 

 

C6H10O5 162.14 n/a 

Mannitol c 

 

C6H14O6 182.17 99 

Oleic acid e 

 

C18H34O2 282.47 n/a 

PEG200 c, fa 
 

C2nH4n+2On+1 ~200 gb n/a 

cis-Pinonic acid h 

 

C10H16O3 184.23 98 

Saccharose b 

 

C12H22O11 342.30 >99.5 

Succinic acid c 

 

C4H6O4 118.09 >99 

Tryptophan b 

 

C11H12N2O2 204.23 n/a 

a Sigma-Aldrich Chemie GmbH. b Carl Roth GmbH + Co. KG. c Alfa Aesar GmbH + Co. KG. d Fluka Chemie GmbH. 
e Merck KGaA. fa Polyethylene glycol. gb Average molecular mass. h Aldrich Chem. Co. 
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Table 2: IT-AMS operating parameters in the MSn studies. VRF is the amplitude (zero-to-peak) of the radiofrequency drive voltage 

(1.3 MHz) applied to the ring electrode; qz is the stability parameter resulting from the Mathieu equation (March, 1997). The 

resonance frequency was experimentally determined. 

 Trapping phase Reaction phase    

       Resonant excitation 

m/z Duration 

/ ms 

VRF / V qz Duration 

/ ms 

VRF / V qz Amplitude 

/ mV 

Frequency 

/ kHz 

130 50 700 0.303 150 700 0.303 80 118.5 

103 50 700 0.383 150 700 0.383 80 150 

77 50 700 0.512 100 700 0.512 120 202 

73 50 258 – 287 0.206 – 0.228 100 402 0.320 120 152.5 

60 50 258 – 287 0.25 – 0.278 100 402 0.389 120 186.5 

57 50 258 – 287 0.263 – 0.296 100 402 0.409 120 196.5 

55 50 258 – 287 0.273 – 0.314 100 402 0.424 120 204.5 
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Figure 1: Schematics of the IT-AMS. The insets A-C visualise the major hardware modifications (compared to Kürten et al., 2007) 

described in the main text. (TMP: turbo molecular pump; photographs from Fachinger, 2012)  
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Figure 2: Comparison of average difference mass spectra measured with the IT-AMS and the ToF-AMS during 11-day long 

ambient measurements. Shown are the average mass spectra normalised (after conversion to ion rates) to their respective mass 

spectral signal at m/z 28 (bottom upper panel) and the ratio (IT-AMS to ToF-AMS) of these relative signal intensities, colour-

coded for the dominant species at the respective m/z (upper lower panel). Note the logarithmic scaling of the y-axes and that the 5 
upper panel’s y-axis only starts at 10-5 (i.e., ion signals smaller than that are not shown). 
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Figure 3: Comparison of 1 h-averaged time series of organics (upper panel), nitrate (middle panel) and sulphate (lower panel) 

measured with the IT-AMS (left and right axeis for ion rate and mass concentrations, respectively) and the ToF-AMS (right axis) 

during 11-day long ambient measurements. The inlays show the correlation of the respective time series and the associated 

squared Pearson’s correlation coefficient (R2); the IT-AMS detection limits are marked with red dotted lines. IT-AMS mass 5 
concentrations are calculated using the linear correlation with the ToF-AMS time series (inlays).. 
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Figure 4: MS2 study on glutathione. Shown are the “classic” MS (a) and the mass spectrum acquired after isolating (b) and 

fragmenting (MS2, c) m/z 130 (MS2, b). The signal in cb) in the m/z range ~11520 – 130 originates from ions remaining after the 

isolation step (b). The dashed vertical line in panel (a) divides the m/z ranges for which the left / right y-axes are used, respectively. 
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Figure 5: MS4 study on tryptophan. Shown are the “classic” MS (a) and mass spectra acquired after isolating and fragmenting m/z 

130 (MS2, b), m/z 103 (MS3, c), and m/z 77 (MS4, d) from the respective previous step. The dashed vertical line in panel (a) divides 

the m/z ranges for which the left / right y-axes are used, respectively. 
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Figure 6: Results of studies on (a) m/z 55 and (b) m/z 57 for various compounds. On the left, the relative contributions of [C3H3O]+ 

and [C4H7]
+ to m/z 55 and of [C3H5O]+ and [C4H9]

+ to m/z 57 are given (from ToF-AMS measurements; the difference to 100 % is 

due to one or several other ions contributing little to the respective m/z). On the right, the results from IT-AMS MS2 studies on 

these ions are summarised. For each investigated compound, the signal intensity of the fragment ions (relative to the signal 5 
intensity of the most abundant fragment) and the ion recovery are given. Not shown are fragments accounting for less than 1 % 

and, for the MS2 experiment on m/z 57, small contributions observed at fragment ion m/z 31 for mannitol (1 % relative fraction) 

and at m/z 42 for glucose, oleic acid, and butyl valerate (3 %, 1 %, and 3 % relative fraction).  
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Figure 7: Results of studies on (a) m/z 60 and (b) m/z 73 for various compounds. On the left, the relative contributions of [C2H4O2]
+ 

and [C3H8O]+ to m/z 60 and of [C3H5O2]
+ and [C4H9O]+ to m/z 73 are given (from ToF-AMS measurements; the difference to 

100 % is due to one or several other ions contributing little to the respective m/z). On the right, the results from IT-AMS MS2 

studies on these ions are summarised. For each investigated compound, the signal intensity of the fragment ions (relative to the 5 
signal intensity of the most abundant fragment) and the ion recovery are given. Not shown are fragments accounting for less than 

1 % and, for the MS2 experiment on m/z 73, a small contribution observed at fragment ion m/z 61 for glucose (2 % relative 

fraction). 
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