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a b s t r a c t 

We present the first published method to convert data obtained by the Pioneer Venus Large Probe 

Neutral Mass Spectrometer (LNMS) into units of mixing ratio (ppm) and volume percent (v%) 

against CO 2 and N 2 , the dominant Venus atmospheric gases, including conversion to density 

(kg m 

− 3 ). These unit conversions are key to unlocking the untapped potential of the data, which 

represents a significant challenge given the scant calibration data in the literature. Herein, we 

show that our data treatments and conversions yield mixing ratios and volume percent values for 

H 2 O, N 2 , and SO 2 that are within error to those reported for the gas chromatograph (LGC) on 

the Pioneer Venus Large Probe (PVLP). For the noble gases, we developed strategies to correct 

for instrument biases by treating the data as a relative scale and using PVLP and Venera-based 

measurements as calibration points. Together, these methods, conversions, calibrations, and com- 

parisons afford novel unit conversions for the LNMS data and yield unified measures for Venus’ 

atmosphere from the LNMS and LGC on the PVLP. 

• Conversion into mixing ratio (ppm), volume percent (v%), and density (kg m 

− 3 ). 

• Mixing ratios are expressed against CO 2 and N 2 . 

• LNMS and LGC measurements on the PVLP are consistent. 
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Method details 

Rationale 

We present a new methodological procedure to convert data obtained by the Pioneer Venus Large Probe Neutral Mass Spectrometer

(LNMS) into units of atmospheric mixing ratio (ppm) and volume percent (v%) against CO 2 and N 2 , the dominant Venus atmospheric

gases, including conversion to density (kg m 

− 3 ). These units were not published in the original LNMS investigations, which spanned

1979–1993 and described the instrument [ 1 , 2 ], initial results [3–5] , and ensuing data analyses [6–9] . Hence, our study represents

a significant advance towards unlocking the untapped potential of the LNMS mass spectral data. For example, in Mogul et al . 2021

[10] , we extracted novel chemical trends from the LNMS data that are suggestive of redox disequilibria within the cloud deck. In

Mogul et al . 2023 [11] , we extracted the most detailed altitude profile for CO 2 , to date, and supported the potential presence of a

near-surface particle haze layer. In this report, we detail means to enact the unit conversions to mixing ratio (ppm), volume percent

(v%), and density (kg m 

− 3 ), which represent significant challenges given the absence of detailed calibration data regarding ionization,

ion transmission, and ion conductance rates in the LNMS. 

Background 

The Large Probe Neutral Mass Spectrometer (LNMS) was a magnetic sector and electron ionization mass spectrometer onboard 

the NASA Pioneer Venus Large Probe (PVLP), which descended through Venus’ atmosphere in 1978 [ 1 , 2 , 5 ]. Upon entry into Venus’

atmosphere, the LNMS obtained a total of 56 spectra, which included 4 background spectra obtained just prior to atmospheric sampling

(pre-sampling spectra; ∼200–64 km), and 52 spectra obtained during atmospheric sampling between the altitudes of 64.2–0.2 km 

(descent profile). The LNMS operations also included a pre-programmed Isotope Ratio Measuring (IRM) sequence for noble gases, 

which involved the collection of atmospheric samples at ∼62 km, scrubbing of the active gases, and analysis of the partly purified

noble gases between ∼48–45 km [ 1 , 5 ]. During sampling, electron ionizations were conducted at 70 eV (46 spectra) with additional

pre-programmed ionizations at 30 eV (3 spectra) and 22 eV (3 spectra) during descent through the clouds ( ∼54–53 km) and lower

atmosphere ( ∼30–28 and 9–8 km). Pre-sampling spectra were obtained at 70 eV. Positive ions produced from the respective electron

ionizations were detected through use of separate low mass ( m/z 1–16) and high mass ( m/z 16–208) electron multiplier-counter

channels 1 , which afforded high sensitivity across a broad detectable mass range of m/z (1–208 u). 

Ion count (counts) in the LNMS were measured at 232 pre-selected mass positions, which correlated to the masses of target species

chosen during design and assembly of the LNMS. The pre-selected mass positions, which afforded rapid spectral acquisition during

the descent, were non-uniformly distributed across m/z 1–208. Hence, by design, several mass positions – when considering a mass

resolving power of 453 (9.4% separation) – were not measured by the LNMS across m/z 1–208. Rapid data collection (64 s) was

controlled by the LNMS microprocessor, which involved a peak-stepping routine (59 s) across the pre-selected mass positions followed

by a re-calibration step of the ion acceleration voltage (5 s). As suggested in prior reports [ 2 , 12 ], the respective ion profiles were

collected over 235 ms and transmitted in units of counts to Earth by the PVLP. 

Consistent with statements in Donahue et al., 1992 [7] and Hoffman et al., 1980 [5] , and per our understanding after review

of the laboratory notebooks of J.H. Hoffman at the University of Texas, Dallas, mixing ratios for target species ( e.g. , Ne, H 2 O, and

H 2 S) were then obtained by (1) calculation of the mixing ratio for 36 Ar ( ≤ 24 km) using calibration data for CO 2 (the major Venus

atmospheric gas) and 36 Ar (a trace Venus atmospheric gas), which were obtained on Earth using the LNMS flight spare, followed by

(2) ratio-based comparisons of target species to the counts and calculated mixing ratio for 36 Ar. Therefore, the resultant mixing ratios

in the original LNMS investigations [ 4 , 5 , 7 ] assumed similar behaviors of the target species to 36 Ar in the mass analyzer [ 7 ] and were

not expressed against CO 2 and N 2 (a minor Venus atmospheric gas), despite the published equation in Hoffman et al., 1980 [5] that

yields such an expression. This is significant since mixing ratios for Venus science are typically expressed against CO 2 and N 2 , the

dominant Venus atmospheric gases [ 13 , 14 ], which do not behave like 36 Ar in a mass analyzer ( e.g. chemical getter activity [15] ).

Hence, in this study, we present the first published treatment for the LNMS data to yield atmospheric mixing ratios for target species

against CO 2 and N 2 . 
1 Per review by M. J. Way of the Pioneer Venus Large Probe Neutral Mass Spectrometer Final Report (April 1979) and Pioneer Venus Program 

Large & Small Probe Data Book (June 1976) in the Pioneer Venus archive at the NASA Ames Research Center. 
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Counts in the LNMS 

Measured counts in the LNMS are related to density of a target species ( 𝑖 ) in the analyzed sample ( e.g. , kg m 

− 3 or g mL − 1 ) through

Eq. (1) , which was adapted from the mathematical descriptions of the LNMS in Donahue et al., 1992 [7] . Through Eq. (1) , counts

in the LNMS for the target species at the altitude ( 𝑎 ) of measurement ( 𝐼 𝑎 
𝑖 
) relate to the instrumental constant of the mass analyzer

( 𝐴 ), transmission coefficient of the parent ion ( 𝜈𝑖 ), ionization cross section of the target gas ( 𝜎𝑖 ), parent ion fraction ( 𝑓 𝑖 ) [or relative

abundance of the parent ion among the total ionized target species ( e.g. , multiple ionized and/or chemical fragment ions)], and ratio

of the rates of mass flow intake ( 𝜓 𝑎 
𝑖 
; example units, g s − 1 ) and ion conductance ( 𝐶 𝑎 

𝑖 
; example units, mL s − 1 ) of the target ion into the

mass analyzer at the altitude of measurement. 

𝐼 𝑎 
𝑖 
= 

(
𝐴 𝑣 𝑖 𝜎𝑖 𝑓 𝑖 

)
𝜓 𝑎 
𝑖 
∕ 𝐶 𝑎 

𝑖 
(1) 

Mass flow intake ( 𝜓 𝑎 
𝑖 
) and ion conductance ( 𝐶 𝑎 

𝑖 
) rates are treated as altitude-dependent and influenced by factors including the

rapid atmospheric pressure changes ( ∼0.1 to 90 bar in ∼50 min) across the descent (64.4–0.2 km), related increases in mass flow

intake into the ion source, and the pre-programmed closure of an intake valve at ∼47 km (Valve 1 in the block diagram in Fig. 2 in

Hoffman et al., 1979 [1] ). Closure of Valve 1 significantly reduced mass flow intake into the ion source at the higher atmospheric

pressures, which assisted in maintaining low pressures in the ion source and number density in the mass analyzer. 

As adapted from Hoffman et al., 1980 [5] , ion conductance rates are further defined as the fraction of ions ( 𝐶 𝑖 ≈ 𝐶 𝑖 0 ∗
( 𝐶 𝐴 ∕( 𝐶 𝐴 + 𝐶 𝑉 ) ) 𝑖 ) , which form after electron ionization ( 𝐶 𝑖 0 ) and that reach the detector and yield a measurable signal. Compet-

ing ion pathways in the LNMS include (1) passage of the ion through the ion optics slits into the mass analyzer to the detector ( 𝐶 𝐴 ),

thereby yielding measurable counts, and (2) passage of the ion towards a chemical getter through a variable conductance valve ( 𝐶 𝑉 ),

which was proximal to the ion source. The variable conductance valve opened to the chemical getter (zirconium-aluminum alloy)

commensurately with increasing atmospheric pressure. Chemical getters are solid materials that retain ions through adsorption, ab- 

sorption, and/or chemical reactions; getter active species include water, N 2 , CO 2 , and SO 2 , while getter-inactive (or low activity)

species include noble gases and hydrocarbons [ 15 , 16 ]. Opening of the variable conductance valve reduced the total number density

entering the mass analyzer, which preserved detector sensitivity at the higher atmospheric pressures. 

Normalization and background correction 

Data are normalized at each altitude of measurement to either 136 Xe 2 + ( m/z 68) or 136 Xe + ( m/z 136) to account for the mass-

dependent and altitude-dependent changes in transmission, as described in Mogul et al., 2023 [11] . The 136 Xe 2 + and 136 Xe + ions

arise from the ionized internal calibrant gas (a pre-made mixture of 136 Xe and CH 4 ) used during calibration of the ion acceleration

voltage after each mass sweep. We note that trends for 136 Xe 3 + ( m/z 45) indicate the presence of competing isobaric species [11] .

Thus, for species with ≤ m/z 90 ( e.g. , Kr, SO 2 , CO 2 , N 2 , and H 2 O), data are normalized to 136 Xe 2 + ( m/z 68). For species with > m/z

90 ( e.g. , 131 Xe and 132 Xe), data are normalized to 136 Xe + ( m/z 136). 

Data are corrected for background contributions by accounting for terrestrial contamination, residual noble gases arising from 

the IRM sequence ( ≤ 45.2 km), purging of noble gas contamination, closure of the intake valve ( ∼47 km), and a temporary clog

of the LNMS inlet/s ( ∼50–25 km) [11] . For data collected between 64.4–25.9 km, background corrections are conducted using the

respective pre-sampling value or the lowest successive value between 64.4–48.4 km, which accounts for purging of the terrestrial 

contaminants just prior to the IRM sequence measurement at 45.2 km. For example, for the noble gases, corrections using the pre-

sampling averages yield negative values at several mass positions at multiple altitudes, which is indicative of overcorrection. Such 

trends suggest that the background noble gases purge after the successive mass sweeps during sampling. This assessment is consistent

with trends extracted from the four successive pre-sampling spectra [11] , which show decreases of ∼37 and 41% in the counts for
40 Ar and 86 Kr, respectively. Analogously, for data collected between 24.4–0.2 km – after the closure of Valve 1, conclusion of the

IRM sequence, and dispersing of the clogged inlet/s (or resumption of nominal intake) – background corrections are conducted using

the lowest successive value measured between 39.3–0.2 km. For the data at ≤ 24.4 km, this treatment prevents overcorrection (and

the acquisition of negative values) by accounting for the noble gases arising from the IRM sequence, which temporarily increase in

counts at 45.2 km and subsequently decrease, or purge, at differing rates across the following measurements in the descent profile. 

Conversion to mixing ratio 

In Eq. (2) , mixing ratios are obtained by expressing the number density of the target gas ( 𝑛 𝑖 ) against the summed number densities

of CO 2 ( 𝑛 𝐶 𝑂 2 ) and N 2 ( 𝑛 𝑁 2 ), and multiplying by 1 × 10 6 to yield units of ppm. In Eq. (3) , the number density for the target gas ( 𝑛 𝑖 ) is

the product between the target-specific sensitivity factor ( 𝑝 𝑖 ) and counts for the respective parent ion from the LNMS ( 𝐼 𝑖 ), as adapted

from prior mathematical descriptions in Hoffman et al., 1980 [5] and Donahue et al., 1992 [7] . The sensitivity factor ( 𝑝 𝑖 ) accounts for

differences in ionization, mass flow, and conductance between the target gas and chosen gas standard – which is CO 2 in this study,

consistent with the use of CO 2 in Hoffman et al., 1980 [5] , but contrary to the choice of 36 Ar in Donahue et al., 1992 [7] . 

( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑖 = 

𝑛 𝑖 

𝑛 𝐶 𝑂 2 
+ 𝑛 𝑁 2 

(2) 

𝑛 𝑖 = 𝑝 𝑖 𝐼 𝑖 (3) 
3 
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We estimate the sensitivity factor for differing targets in the LNMS using the relationship described in Eq. (4) , which is adapted

from Hoffman et al., 1980 [5] and Donahue et al., 1992 [7] and equates the ratio of the number densities for the target species and

CO 2 ( 𝑛 𝑖 ∕ 𝑛 𝐶 𝑂 2 ) to the ratio of mass flow intake rates ( 𝜓 𝑖 ∕ 𝜓 𝐶 𝑂 2 ), and the product of 𝑝 𝑖 and the reciprocal of the ratio of the measured

counts ( 𝐼 𝐶 𝑂 2 ∕ 𝐼 𝑖 ). We obtain an expanded expression for 𝜌𝑎 
𝑖 

at the altitude of measurement by: 

(1) Rearrangement of the equalities in Eq. (4) to yield Eq. (5) (consistent with the strategy in Donahue et al., 1992 [7] ); 

(2) Substitution of Eq. (1) for the 𝐼 𝐶 𝑂 2 and 𝐼 𝑖 terms to obtain Eq. (6) ; and 

(3) Ensuing reduction to yield Eq. (7) . 

To account for potential uncertainties in 𝜌𝑎 
𝑖 
, we introduce several correction factors in Eq. (8) inclusive of 𝛼𝑖 for the ratio of

transmission coefficients, 𝛽𝑖 for the ratio of the parent ion fractions, and 𝛾𝑎 
𝑖 

for the ratio of the ion conductance rates. 

𝑛 𝑖 

𝑛 𝐶 𝑂 2 

= 

𝜓 𝑖 

𝜓 𝐶 𝑂 2 

= 𝜌

( 

𝐼 𝑖 

𝐼 𝐶 𝑂 2 

) 

(4) 

𝜌 = 

( 

𝜓 𝑖 

𝜓 𝐶 𝑂 2 

) ( 

𝐼 𝐶 𝑂 2 

𝐼 𝑖 

) 

(5) 

(6) 

𝜌𝑎 
𝑖 
= 

( 

𝑣 𝐶 𝑂 2 

𝑣 𝑖 

) ( 

𝜎𝐶 𝑂 2 

𝜎𝑖 

) ( 

𝑓 𝐶 𝑂 2 

𝑓 𝑖 

) 

( 

𝐶 𝑖 

𝐶 𝐶 𝑂 2 

) 𝑎 

(7) 

𝜌𝑎 
𝑖 
= 𝛼𝑖 

( 

𝑣 𝐶 𝑂 2 

𝑣 𝑖 

) ( 

𝜎𝐶 𝑂 2 

𝜎𝑖 

) 

𝛽𝑖 

( 

𝑓 𝐶 𝑂 2 

𝑓 𝑖 

) 

𝛾𝑎 
𝑖 

( 

𝐶 𝑖 

𝐶 𝐶 𝑂 2 

) 

(8) 

In the following bullet list, we detail steps for obtaining estimates of 𝜌𝑎 
𝑖 
. These steps include the acquisition of key parameters by

interpolation, reliance on assumptions from the original LNMS investigations, and extraction of trends from the pre-sampling spectra. 

• The transmission coefficient for the target species ( 𝑣 𝑖 ) is obtained by interpolation using published LNMS reference data for non-

polar gases [7] . For target species with m/z 15–50 ( e.g. , H 2 O, HDO, N 2 , H 2 S, and CO 2 ), we obtain the transmission coefficient by

interpolation through linear regression of the reference data across m/z 15–40 (R 

2 = 0.9966), as shown in Fig. 1 A. The associated

uncertainty of the measure is obtained using the standard error of the regression ( ± 0.1). For target species with higher masses

( ∼ m/z 50–131; e.g. , SO 2 , Kr, and Xe) – which fall outside the linear trend observed in Fig. 1 A between m/z 15–40 – we obtain the

transmission coefficient through interpolation and non-linear regression across m/z 2–131 (R 

2 = 0.9975), as described and shown 

in Fig. 1 B. Given the lack of data points between m/z 50 and 131 in the reference transmission data, we assume a standard 1 𝜎

error ( ± 34.1%) for species with m/z 50- 130. To account for uncertainties in these total assumptions, we include 𝛼𝑖 ( Eq. (8) .) as

a correction factor to adjust for differences in getter activity of the target species, detector biases, and other influences. 

• The parent ion fraction ( 𝑓 𝑖 ) is obtained from the pre-sampling data, descent profile, or NIST database (70 eV). In the LNMS,

ionization yields for double ionization of noble gases are higher than those reported in the NIST database [11] . Hence, 𝑓 𝑖 for He,

Ar and Xe are obtained using the pre-sampling data, which contain sufficient counts for 4 He (a terrestrial contaminant), 40 Ar,
38 Ar, and 36 Ar (terrestrial contaminants), and 136 Xe (internal calibrant). For Ne ( m/z 20) and Kr ( m/z 68), 𝑓 𝑖 are estimated by

interpolation using the LNMS trends across He, Ar, and Xe; no counts were measured for Ne 2 + in the pre-sampling data, potentially

due to collisional loss, and m/z 43 (for 86 Kr 2 + ) was not a measured mass position. For polyatomic ions, fragmentation patterns

for CH 4 (all fragments), H 2 O (OH 

+ /H 2 O 

+ ratio), and CO 2 (CO 

+ /CO 2 
+ ratio at ≤ 24 km) in the LNMS are within error to trends

from the NIST database [11] . Hence, values of 𝑓 𝑖 for target polyatomic gases with incomplete representation of the respective

fragments (due to the choice of pre-selected mass positions) are extracted from the NIST database. To account for uncertainties in

these assumptions we include 𝛽𝑖 ( Eq. (8) .) as a correction factor and assume 5% error to account for descent-related fluctuations.

• Cross sections ( 𝜎) at 70 eV for polyatomic gases are obtained from the NIST database [17] . Cross sections for the noble gases are

obtained from Rapp et al ., 1965 [18] . Cross sections are treated as standards with minimal to negligible error. 

• Ion conductance rates are simplified using the relationship of 𝐶 𝑖 ≈ 𝑚 
−1∕2 
𝑖 

for non-gettered species ( e.g., e.g. , noble gases and

methane) from Donahue et al., 1992 [7] , which is then applied to getter-active species ( e.g. , active chemicals such as CO 2 ,

N 2, H 2 O, and H 2 [15] ) and corrected for necessary changes using 𝛾𝑎 
𝑖 

( 𝐶 𝑖 ≈ 𝛾𝑎 
𝑖 
( 𝑚 −1∕2 
𝑖 

) ). 
• The bulk correction factor at the altitude of measurement ( 𝑘 𝑎 

𝑖 
) in Eq. (9) is then obtained by combining the discreet correction

factors of 𝛼𝑖 , 𝛽𝑖 , and 𝛾𝑎 
𝑖 
, followed by substitution into Eq. (8) to yield Eq. (10) . 

𝑘 𝑎 
𝑖 
= 𝛼𝑖 𝛽𝑖 𝛾

𝑎 
𝑖 

(9) 

𝜌𝑎 
𝑖 
= 𝑘 𝑎 

𝑖 

( 

𝑣 𝐶 𝑂 2 

𝑣 𝑖 

) ( 

𝑓 𝐶 𝑂 2 

𝑓 𝑖 

) ( 

𝜎𝐶 𝑂 2 

𝜎𝑖 

) ( 

𝑚 𝐶 𝑂 2 

𝑚 𝑖 

) 1∕2 
(10) 
4 
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Fig. 1. The LNMS transmission coefficients (red circles) for H 2 
+ , 4 He + , CH 3 

+ , 20 Ne + , 40 Ar + , and 131 Xe + (red circles) from Fig. 5 in Donahue et al., 

1992 are plotted against mass in panel (A) to show the linear trend (blue callout box, thick blue line, R 2 = 0.9966) between m/z 15–40 (larger red 

circles), which is used to obtain transmission coefficients for target species of m/z 15–40, and in panel (B) as a log-log plot to show the 2nd order 

polynomial relationship across m/z 2–131 (R 2 = 0.9975), which is used to obtain transmission coefficients for targets with m/z ∼50–136 (blue box). 

 

 

 

 

 

 

 

 

 

 

Mixing ratios at the altitude of measurement are thus obtained using Eq. (11) , which affords a relative scale for the LNMS data by

combining Eqs. (2) , (3) , and (10) and assuming a relationship of 𝑛 𝐶 𝑂 2 = 𝐼 𝐶 𝑂 2 
. At current, propagation of errors, inclusive of 𝐼 𝑖 [11] ,

yields mixing ratios with uncertainties of: 

(1) ∼17% for targets with m/z 15–50 represented by ≥ 3 mass positions in the data and fit to Gaussian functions [11] ; 

(2) ∼22% for targets with m/z 15–50 represented by ≤ 2 mass positions; and 

(3) ∼38% for targets with > m/z 50. 

In the following sections, we detail methods to estimate the bulk correction factor ( 𝑘 𝑎 
𝑖 
) for differing target gases. 

(
( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑖 

)𝑎 = 

( 

𝑝 𝑖 𝐼 𝑖 

𝑛 𝐶 𝑂 2 
+ 𝑛 𝑁 2 

) 𝑎 

= 𝑘 𝑎 
𝑖 

⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 
(
𝐼 𝑖 
)( 𝑣 𝐶 𝑂 2 

𝑣 𝑖 

)(
𝜎𝐶 𝑂 2 
𝜎𝑖 

)(
𝑓 𝐶 𝑂 2 
𝑓 𝑖 

)(
𝑚 𝐶 𝑂 2 
𝑚 𝑖 

)1 ∕ 2 
𝐼 𝑎 
𝐶 𝑂 2 

+ 𝑛 𝑎 
𝑁 2 

⎞ ⎟ ⎟ ⎟ ⎟ ⎠ 
(11) 

(
( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑎𝑡𝑚𝑜𝑠 

)𝑎 = 𝑘 𝑎 
𝑖 

(
( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑐𝑎𝑙𝑐 

)𝑎 
(12) 

Corrections for active gases 

To ascertain the necessity to correct the mixing ratios for active gases ( e.g., H 2 O, N 2, and SO 2 ), or obtain values for 𝑘 𝑎 
𝑖 
,

we use Eq. (12) and compare our calculated mixing ratios ( ( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑐𝑎𝑙𝑐 ) to accepted atmospheric values from the literature

( ( 𝑚𝑖𝑥𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 ) 𝑎𝑡𝑚𝑜𝑠 ). Our comparisons for the active gases suggest that 𝑘 𝑎 
𝑖 
≈ 1 at differing masses and at differing altitudes. In Table 1 ,

we compare our mixing ratios or volume percent for H 2 O, N 2 , and SO 2 to measures from differing spacecraft and altitudes. For H 2 O,

our respective mixing ratios are within error to measures from the LGC at 51.6 km and 21.6 km [ 19 , 20 ]. For N 2 , our respective

volume percent values are within error to measures from the LGC at 51.6 km [ 19 , 20 ] and the V11/12 at 23.0 km [21] . For SO 2 ,

our respective mixing ratios are within error to measures from the PV Orbiter UV Spectrometer (PV OUVS) at 58 km [22] and LGC

at 21.6 km [ 19 , 20 ]. For the active gases, these comparisons suggest that corrections are unnecessary for the ratio of transmission

coefficients ( 𝛼𝑖 ), parent ion fraction ( 𝛽𝑖 ), and ratio of ion conductance rates ( 𝛾𝑎 ), inclusive of adjustments for altitude. 

𝑖 

5 
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Table 1 

Comparison of mixing ratios or volume percent for H 2 O, N 2 , and SO 2 from this 

study and the PV LGC, V11/12 EI-MS, and PV OUVS at differing altitudes ( 𝑎 ), 

where uncertainties represent the propagated (this study) or published errors. 

Target Gas Mixing Ratio or Volume Percent 

(mass) LNMS Comparison Comments 

H 2 O ( m/z 18) ppm ppm other in situ measures 

H 2 O ( 𝑎 = 51.3 km) 243 ± 42 < 600 PVLP, LGC, 51.6 km [ 19 , 20 ] 

H 2 O ( 𝑎 = 21.6 km) 1560 ± 269 1350 ± 150 PVLP, LGC, 21.6 km [ 19 , 20 ] 

N 2 ( m/z 28) v% v% 

N 2 ( 𝑎 = 51.3 km) 3.87 ± 0.68 4.60 ± 0.14 PVLP, LGC, 51.6 km [ 19 , 20 ] 

N 2 ( 𝑎 = 24.4 km) 3.47 ± 0.61 4.50 ± 0.50 V11/12, EIMS, 23 km [21] 

SO 2 ( m/z 64) ppm ppm 

SO 2 ( 𝑎 = 51.3 km) 3 ± 1 4 PV, OUVS, 58 km [22] 

SO 2 ( 𝑎 = 21.6 km) 396 ± 160 185 +350 −155 PVLP, LGC, 21.6 km [ 19 , 20 ] 

Fig. 2. Plots of the reciprocal of the bulk correction factors ( 𝑘 𝑎 
𝑖 
) 𝐼 (internal scale, I), ( 𝑘 𝑎 

𝑖 
) 𝐸 (external scale, E), and 𝑘 ′

𝑖 
(original LNMS conversion 

factors) against mass of 4 He, 20 Ne, 36,38,40 Ar, and 132 Xe. Values for ( 𝑘 𝑎 
𝑖 
) 𝐼 (red circles) are obtained by comparison to prior LNMS values and fit by 

power regression (red line; R 2 = 0.9239). Values for ( 𝑘 𝑎 
𝑖 
) 𝐸 (blue squares) are obtained by comparison to other in situ spacecraft measures (listed and 

identified as 1–6) and fit by power regression across m/z 4–40 (1–5; blue line; R 2 = 0. 9999) and m/z 4–84 (1–6; dashed blue line; R 2 = 0.9998). 

Values for 𝑘 ′
𝑖 

(green diamonds) are inferred from Hoffman et al., 1980 and Donahue et al., 1981. Error bars represent the propagated errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Corrections for noble gases and methane 

The noble gases and methane exhibit limited degrees of getter retention [ 8 , 15 ]. Hence, we ascertain the need for corrections

using Eq. (12) by comparing our calculated mixing ratios to those from (A) the original LNMS investigations ( i.e. , an internal scale)

and (B) other in situ spacecraft-based measures ( i.e. , an external scale). Estimations of 𝑘 𝑎 
𝑖 

for the noble gases across the internal and

external scales yield a range of ∼10 − 2 –10 − 4 ( Fig. 2 ), which indicates a need for substantial corrections – consistent with observations

described in Donahue et al ., 1981 [6] and Donahue et al., 1992 [7] . The corrections likely correlate to adjustments to the ratio of

ion conductance rates ( 𝛾𝑎 
𝑖 
) and to a lesser degree to the ratio of transmission coefficients ( 𝛼𝑖 ) given the difference in ion transmission

pathways induced by the getter and ion pumping activities of CO 2 
+ when compared to the noble gases and methyl ions [8] . 

Using the internal scale ( I ), we obtain ( 𝑘 𝑎 
𝑖 
) 𝐼 by comparing species with ≥ m/z 15 (such as 20 Ne, 22 Ne, 36 Ar, 84 Kr, and 132 Xe),

which were detected in the high mass channel, to values from the original LNMS investigations in Hoffman et al., 1980 [5] , Donahue

et al., 1981 [6] , and Donahue et al., 1992 [7] . We additionally extract the original conversion factors used in Hoffman et al., 1980

[5] and Donahue et al., 1981 [6] for the noble gases, which we define as 𝑘 ′
𝑖 
. The original conversion factors, per our understanding

( 𝑘 ′
𝑖 
= 𝑋 𝑖 / 

36 Ar ), were defined as the ratio of averaged counts between the major noble gas isotope ( 𝑋 𝑖 = 

20 Ne, 84 Kr, and 132 Xe) and
36 Ar at ≤ 24 km and/or < 5 km. 

In Fig. 2 , we display plots against mass for the reciprocal of ( 𝑘 𝑎 
𝑖 
) 𝐼 and reciprocal of the averaged 𝑘 ′

𝑖 
from ≤ 2 km (which exhibits

less scatter when compared to ≤ 5 km). Similar non-linear trends are observed between ( 𝑘 𝑎 
𝑖 
) 𝐼 (red circles) and 𝑘 ′

𝑖 
(green diamonds),

which supports the relationship of ( 𝑘 𝑎 
𝑖 
) 𝐼 ≈ 𝑘 ′

𝑖 
. Such trends validate our treatment of the noble gases in the LNMS. Power regression

trends for 1∕ ( 𝑘 𝑎 
𝑖 
) 𝐼 against mass (R 

2 = 0.9239; Fig. 2 ) suggest a mass-dependent behavior for the noble gases throughout ion pumping

and/or detection – which is congruent with relationship of 𝐶 𝑖 ≈ 𝑚 
−1∕2 
𝑖 

. For detection of noble gases in the high mass channel, these

trends suggest that higher masses correlate to higher outputted counts and require greater correction. 

When extending the trends to He, which was measured by the low mass channel, we obtain untenable mixing ratios of ∼10 5 –

10 6 ppm, as obtained by extrapolation for ( 𝑘 𝑎 
𝑖 
) 𝐼 or direct calculation for 𝑘 ′

𝑖 
. These trends suggest that the LNMS conversion factors

fail for He ( 𝑘 ′
𝑖 
), or that the LNMS is contaminated with terrestrial He at relative abundances that far exceed background counts from

the pre-sampling spectra. This is relevant since the LGC vented He carrier gas during operation ( ∼60 min) into the PVLP interior

[ 11 , 23 ]. In theory, He from the LGC discharge could have entered the LNMS [ 5 , 11 ]. During pre-launch storage ( ∼5 months), He from

the PVLP interior leaked into the LNMS at an approximate rate of ∼10 12 cm 

3 s − 1 [ 5 ]. Such leak rates likely preclude significant He
6 
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contamination from the LGC discharge over the ∼1 hr operation time. In addition, background corrections using the pre-sampling

spectra yield negative values for He at 49.4 and 48.4 km. Further, decreases of ∼3-fold in He counts are observed after the IRM

sequence across 45.2 to 25.9 km. These combined trends suggest that purging rates for He are greater than any potential diffusion

rates of He into the LNMS. 

Therefore, to better understand the behavior of He in the LNMS, we used an external scale ( E ) to obtain ( 𝑘 𝑎 
𝑖 
) 𝐸 for the noble gases

across m/z 4–40. We detail acquisition of ( 𝑘 𝑎 
𝑖 
) 𝐸 for 4 He, 20 Ne, 22 Ne, 36 Ar, 38 Ar, 40 Ar, 86 Kr, and Xe ( 131 Xe + 

132 Xe) in the following

bullet list. 

• We obtain ( 𝑘 𝑎 
𝑖 
) 𝐸 for 4 He ( 𝑎 ≤ 24.4 km) by comparing calculated mixing ratios for 4 He at ≤ 24 km to published values for He from the

middle and lower atmosphere (9 ± 6 ppm; ∼60 km to the surface) from Krasnopolsky et al., 2005 [24] , which were extracted from

data acquired via UV spectroscopy by Venera 11 and 12 (V11/12). For LNMS, contributions from 

3 He are considered insignificant

given the calculated 3 He/ 4 He ratio of ∼3.9 10 − 4 from the IRM samples. 

• We obtain ( 𝑘 𝑎 
𝑖 
) 𝐸 for 20 Ne ( 𝑎 = 21.6 km) by comparing the calculated mixing ratio for 20 Ne at 21.6 km to measures from the LGC

for Ne at 21.6 km (4.31 ± 0.65 ppm) reported in Oyama et al ., 1980 [19] . The LGC mixing ratio was converted to 20 Ne using

isotope abundances for Ne extracted in this study from the IRM data (92.70 ± 0.18% 

20 Ne, 0.26 ± 0.03% 

21 Ne, and 7.04 ± 0.15%
22 Ne), which was corrected for CO 2 

2 + at m/z 22 using respective counts for CO 2 
+ and the averaged CO 2 

2 + /CO 2 
+ ratio from the

descent profile [11] . 

• We obtain respective ( 𝑘 𝑎 
𝑖 
) 𝐸 values for 36 Ar, 38 Ar, and 40 Ar ( 𝑎 = 21.6 km) by comparing the calculated mixing ratios for 36 Ar, 38 Ar,

and 40 Ar at 21.6 km to measures from the LGC for Ar at 21.6 km (67.2 ± 2.3 ppm) reported in Oyama et al ., 1980 [19] . The LGC

mixing ratio for Ar was portioned across 36 Ar, 38 Ar, and 40 Ar using the percent isotope abundances extracted in this study from

the descent profile (70 eV) at ≤ 5 km (44.3 ± 0.4% 

36 Ar, 8.5 ± 0.2% 

38 Ar, and 47.3 ± 0.4% 

40 Ar). 

• We obtain a ( 𝑘 𝑎 
𝑖 
) 𝐸 for 84 Kr ( 𝑎 ≤ 23 km) by comparing the calculated and averaged mixing ratio for 84 Kr from ≤ 23 km to measures

obtained by V11/12 for 84 Kr at ≤ 23 km (0.650 ± 0.150 ppm), as obtained using electron ionization mass spectrometers (EI-MS)

and reported in Istomin et al ., 1978 [21] . 

• We obtain a ( 𝑘 𝑎 
𝑖 
) 𝐸 for 132 Xe ( 𝑎 ≤ 23 km) by comparing the summed and calculated mixing ratios for 131 Xe and 132 Xe from ≤ 23 km

to measures obtained by Venera 13 and 14 (V13/14) for the summed mixing ratios of 131 Xe and 132 Xe at ≤ 23 km (0.01–0.1 ppm),

as obtained using EI-MS and reported in Istomin et al ., 1982 [25] . We assume that the ( 𝑘 𝑎 
𝑖 
) 𝐸 for 132 Xe is equal to the ( 𝑘 𝑎 

𝑖 
) 𝐸 obtained

from the total sums of 131 Xe + 

132 Xe. 

In Fig. 2 , we compare trends against mass for the reciprocals of ( 𝑘 𝑎 
𝑖 
) 𝐼 , ( 𝑘 𝑎 

𝑖 
) 𝐸 , and 𝑘 ′

𝑖 
. Notably, values for 20 Ne and 36 Ar from the

internal ( ( 𝑘 𝑎 
𝑖 
) 𝐼 ) and external ( ( 𝑘 𝑎 

𝑖 
) 𝐸 ) scales are within error, which validates our comparative approach to correct for instrument biases.

When considering the external scale ( ( 𝑘 𝑎 
𝑖 
) 𝐸 ; blue squares), power regression across m/z 4–40 (R 

2 = 0.9999) suggests a potential low-

mass bias throughout getter retention, pumping, and/or detection. We obtain similar mass-dependent trends across m/z 4–84 when 

including the V11/12 measurement for 84 Kr (R 

2 = 0.9998). However, values for 84 Kr from the external (blue square) and internal

(red circle and green diamond) scales differ by ∼10–100-fold, which is suggestive of overestimation in the V11/12 measurements 

or underestimation by the LNMS conversion factors. Given this uncertainty, the trend across m/z 4–84 is displayed separately in

Fig. 2 (dashed blue line). For 132 Xe, the external (blue square) scale yields values that are inconsistent with the trends across m/z 4–40

(or m/z 4–84); yet are within error to those from the internal scale (red circle and green diamond), thus supporting a high mass bias

for the noble gases in the LNMS. Therefore, when considering the bulk LNMS behavior, these trends are suggestive of both low and

high-mass biases where He + and Xe + (and Kr + ) are associated with higher outputted counts and requirements for greater correction.

We suggest that the potential over-representations of He + and Xe + (and Kr + ) in the LNMS are due to spectrometer design, which

possibly yielded low and high mass ions with higher relative kinetic energies upon detection in the respective low and high mass

channels – when compared to Ne + and Ar + . Design influences include the compact magnetic sector ( ∼4500 G 

1 ) and detector ar-

rangement, where low mass ions ( m/z ≤ 16) were detected just after entry into the magnetic sector in the low-mass channel, while

the higher mass ions ( m/z 15–208) were detected after complete passage through the magnetic sector in a high-mass channel (block

diagram, Fig. 2 , [1] ). 

Mass spectral studies [ 26 , 27 ] show that higher relative counts are associated with multiple charged ions ( e.g. , Xe 2 + , Xe 3 + ) due

to the higher relative kinetic energies acquired after acceleration through the magnetic sector and across the potential difference 

between the ion source and detector. Analogously, low mass He + ions in the LNMS may have exhibited greater relative increases in

velocity upon entry into the magnetic sector, thereby yielding enhanced responses in the low mass channel. For Xe + and Kr + , we posit

that the compact LNMS design and voltage ramp 1 ( ∼150–2500 V) promoted higher relative increases in velocity after transmission

through the magnetic sector and that the substantially higher masses of the incoming ions – when compared to Ar + and Ne + – yielded

enhanced responses in the high-mass channel. 

Using the low-mass trends, we are also able to obtain the correction factor ( ( 𝑘 𝑎 
𝑖 
) 𝐸 ) for methane (CH 4 , m/z 16) via interpolation

using the respective regression equation in Fig. 2 (external scale; blue squares). Methane was an internal calibrant gas in the LNMS

that unexpectedly and significantly increased in abundance throughout the descent [ 8 , 11 ]. After correction using Eq. (12) (assumed

standard 1 𝜎 error of 34.1%), we obtain updated [11] mixing ratios for methane of 37 ± 13 ppm and 300 ± 102 ppm at 51.3 and

21.6 km, respectively; alternatively expressed as a range of ∼40–3000 ppm across ∼60 to 1 km. In comparison, our range is much

lower than the original reported value of ∼1000–6000 ppm methane ( ∼60 to 1 km), especially for the cloud data [8] . However, our

values are well above the approximated upper limits of ∼10 and 0.6 ppm at 51.6 and 21.6 km, as suggested by the lack of methane

detection by the LGC [20] . Hence, these total trends suggest that more extensive corrections for methane (and potentially He) are

required or that methane was formed by spacecraft degradation proximal to the LNMS inlet assembly and distal to the LGC inlet, as
7 
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Scheme 1. Diagram for conversion of counts ( n i ) to density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

described in Mogul et al., 2023 [11] . Potential sources of spacecraft degradation include the Kapton wiring insulation used in the

pyrotechnic devices that removed the LNMS inlet cover prior to sampling [ 11 , 23 ]. 

Conversion of counts to density 

The procedure to convert volume ratio (or percent) to density for a target species ( ( 𝑘𝑔 𝑚 −3 ) 𝑖 ) is outlined in Scheme 1 . We cal-

culate the number density ratio against CO 2 ( ( 𝑟𝑎𝑡𝑖𝑜 ) 
𝐶 𝑂 2 
𝑖 

), which is alternately expressed as the volume ratio against CO 2 ( 𝑉 𝑖 ∕ 𝑉 𝐶 𝑂 2 ),
using the respectively modified version of Eq. (12) ( e.g. , exclusion of 𝑛 𝑁 2 ). The volume ratio is then converted to weight ratio

against CO 2 ( 𝑤 𝑖 ∕ 𝑤 𝐶 𝑂 2 
). The weight ratio ( 𝑘 𝑔 𝑖 ∕ 𝑘 𝑔 𝐶 𝑂 2 ), in turn, is equal to the density ratio against CO 2 due to the equal volumes

( ( 𝑘𝑔 𝑚 −3 ) 𝑖 ∕ ( 𝑘𝑔 𝑚 −3 ) 𝐶 𝑂 2 ). Hence, density of the target species (at the altitude of measurement) is obtained by multiplication of the

respective weight ratio (or percent) by the density of CO 2 (at the altitude of measurement). Enabling this conversion are the CO 2 

densities at differing altitudes ( ( 𝑘𝑔 𝑚 −3 ) 𝐶 𝑂 2 ) obtained in Mogul et al ., 2023 [11] . Current propagation of total errors, including error

for 𝐼 𝑖 [11] , yields densities with uncertainties of (1) ∼18% for fitted targets with m/z 15–50 [11] , (2) ∼23% for non-fitted targets

with m/z 15–50, and (3) ∼39% for targets with < m/z 15 and > m/z 50. 

Methods discussion 

Our treatment of the PV LNMS data yields mixing ratios and volume percent values that are consistent with other spacecraft

measures, especially the PV LGC. The LNMS (65 ̊) and LGC (265 ̊) sampled Venus’ atmosphere using inlets on opposing sides of the

PVLP. Our measures for H 2 O and SO 2 are within error to the LGC measurements in the clouds (51.6 km) and lower atmosphere

(21.6 km). Similarly, our volume percent value for N 2 at 24.4 km is within error to LGC (21.6 km) and V11/12 (23.0 km) measure-

ments. These combined comparisons, therefore, substantiate the strategy of our analytical treatment of the LNMS data and provide a

unified measure of Venus’ atmosphere from the PVLP (LNMS and LGC). For the noble gases, which require substantial correction due

to getter and detector biases, we treat the LNMS data as relative scales with LGC and Venera measurements serving as calibration

points. Future efforts will harness these combined methods, conversions, and calibrations to provide new altitude profiles ( ∼64–1 km)

for active and noble gases across Venus’ atmosphere. 
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