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Results from research into the teaching and learning of physics have shown that
many college students have significant conceptual and reasoning difficulties relat-
ing to topics of radioactivity. Interviewing students from three different science back-
grounds, the authors identified specific difficulties students had with ionizing radia-
tion and radioactivity and explored students’ pre-instruction thoughts on these topics.

hroughout the United States, col-
lege students who enroll in intro-
ductory geology, biology, chemis-

try, physics, and astronomy courses re-
ceive instruction on the topics of ioniz-
ing radiation and radioactivity. Instruc-
tors often assume that students already
understand these topics and thus they
are treated at only a cursory level in
college courses. Results from research
into the teaching and learning of phys-
ics, however, have shown that many
college students have significant con-
ceptual and reasoning difficulties with
even the most basic introductory con-
cepts (McDermott and Redish 1999).
Perhaps the most surprising result is that
these student difficulties often remain
unchanged even after traditional in-
struction. These results have led many
physics teachers to change their instruc-

tional methods to accommodate the
needs of their students (Redish and
Rigden 1997).

Several articles have been written
related to the teaching of radiation and
radioactivity that describe novel class-
room demonstrations and laboratory
activities. These activities are usually
intended either to model the radioac-
tive decay process or to help students
calculate the half-life of short-lived ra-
dioactive isotopes (Austen and
Brouwer 1997; Caon 1995; Hoeling
and Reed 1999; Kowalski 1981; Mak
1999; McGeachy 1997; Peplow 1999;
Ruddick 1995; Russo 1999;
Wunderlich 1978). Very little research,
however, has been carried out to docu-
ment the effectiveness of these types
of activities on student learning. In
addition, little is known about the spe-
cific conceptual and reasoning diffi-
culties students have with the topics of
ionizing radiation and radioactivity.

The primary goal for the research
described in this paper was to identify
these difficulties and to provide gen-
eral insight into how college students
think about radiation and radioactiv-
ity before receiving explicit instruction

on these topics. The students taking
part in this investigation were enrolled
in introductory physics courses at the
University of Maine, including the al-
gebra- and calculus-based courses, as
well as a course for nonscience majors.
Typical course enrollments were be-
tween 80 and 150 students.

Defining Radioactivity
We began our study by conducting in-
formal interviews with individuals and
small groups as they performed experi-
ments and answered questions during
laboratory activities. Insights gained
during these descriptive studies were
used to guide the development of pro-
tocols used during formal interviews
of 10 student volunteers (three alge-
bra students, three calculus students,
and four nonscience majors). During
formal interviews, students were asked
to perform specific tasks or answer
conceptual questions designed to pro-
vide insight into their beliefs about ra-
diation and radioactivity. Both open-
ended and fully scripted protocols were
used for these interviews, which lasted
from 30 to 45 minutes and were con-
ducted outside of the classroom set-
ting. Each interview was videotaped
and analyzed.

We found that, in general, students
are conscious of a wide range of both
radioactive and nonradioactive sources
of radiation. Moreover, students often
inappropriately invoke the concept of
radioactivity when asked to reason
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Half of college students in introductory physics believe

that an object exposed to radiation becomes radioactive.

about situations involving non-nuclear
forms of radiation such as visible light
given off by a light bulb.

Distinguishing Between Irradiation
and Contamination
In the next stage of this study we in-
vestigated how students reason about
situations involving radioactive
sources of radiation. Two hundred and
seventy-seven students from the same
three classes were given a written set
of open-response questions involving
a situation in which an object is ex-
posed to radiation from a radioactive
object, yet does not absorb radioactive
material; the object is then removed
from the source (figure 1). We chose
this situation to learn how well stu-
dents could perform the subtle reason-
ing necessary to differentiate this situ-
ation from one in which an object
becomes a source of radiation (and ra-
dioactive) because of the absorption of
radioactive material.

These open-response questions
were adapted from a set of multiple-
choice questions initially used in an in-
vestigation conducted by Millar (1994).
We chose the open-response format
over Millar’s multiple-choice format be-
cause we wanted to gain more detailed
insight into students’ beliefs and the
reasoning behind their responses
(Steinberg and Sabella 1997). Students
were instructed to consider the situa-

tion shown in figure 1. (Note that the
symbols ➀ , ➁ and ➂ refer to labels in fig-
ure 1).

Accompanying this figure was a
caption stating that “a juicy strawberry➂

was exposed to radiation➁ from a ra-
dioactive source➀  (Case A) and that the
radioactive source was then removed
(Case B).” The drawings of the radio-
active source➀  and the emitted radi-
ation➁ were created to appear similar
to drawings that students had made dur-
ing previous interviews.

All students were then asked the
following three questions:

A. Which of the three objects in Case

A (the radioactive source➀ , the
radiation➁, or the strawberry➂) is ini-
tially radioactive?
B. Will the strawberry in Case B be-
come a source of radiation?
C. Will the strawberry in Case B be-
come radioactive?

A correct answer for this situation
would identify that an object that ab-
sorbs radioactive material (i.e., has
been contaminated) is now radioactive

and consequently emits ionizing radia-
tion. However, an object that is ex-
posed to ionizing radiation (i.e., has
been irradiated) does not become ra-
dioactive nor does it emit ionizing ra-
diation. Of the three objects (the ra-
dioactive source➀ , the emitted
radiation➁, and the strawberry➂) iden-
tified in Case A, only the radioactive
source would be radioactive. Further-
more, since the strawberry did not ab-
sorb radioactive material, it would not
become a new source of radiation or
become radioactive.

Overall, the types of responses
provided by students were similar to
one another yet distinctively different

from the expert view. A summary of
responses to the three strawberry
questions, which were typical of the
questions we asked the students, are
provided in tables 1, 2, and 3, respec-
tively.

To get a sense of the overall flavor
of the reasoning used by students, we
have listed examples of matched re-
sponses given by students from all three
populations studied (see “Examples of
Student Responses to Question on Ra-
dioactivity,” page 95).

In general we found that, prior to
instruction, the majority of students sur-
veyed had a weak understanding of the
transport and absorption properties of
radiation and radioactivity. Many stu-
dents provided reasoning consistent
with the belief that the exposed straw-
berry became both a source of radia-
tion and radioactive after being exposed
to radiation. Some of these students
describe ionizing radiation as having the
same properties as radioactive material.
These students use the terms “radioac-
tive radiation,” “radioactive waves,” or
“radioactive particles” to describe the
emitted radiation. They also believe that
radiation is radioactive and that when
absorbed, the radiation can cause ob-
jects to become radioactive.

Drawing of a strawberry ➂➂➂➂➂ that is exposed to radiation ➁➁➁➁➁ from a

radioactive source ➀➀➀➀➀  (Case A). The source is then removed (Case B).

Students answered questions about Cases A and B to test their knowl-
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edge of irradiation and contamination.

Figure 1.
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Some students thought that objects
exposed to radiation become radioac-
tive because they have been “excited,”
“activated,” or “made unstable.” These
students often state that the amount of
radiation absorbed or length of expo-
sure influences the magnitude or dura-
tion of the induced radioactivity in the
exposed object. Even the students who
answered correctly that the strawberry
would not become a source of radiation
(due to its being irradiated) gave rea-
sons that revealed serious conceptual
difficulties.

Responses to questions involving
irradiation indicated that most students
use the terms radiation, radioactive, and
radioactivity inappropriately and indis-
criminately. The undifferentiated use of
these terms made the analysis of stu-
dent responses difficult. Since it is the
differences among these concepts that
are at the center of this investigation,
we designed another open-response
question that required students to rea-
son simultaneously about both irradia-
tion and contamination. We felt that this
combined situation would provide stu-
dents with a clear opportunity to dem-
onstrate if they had a proper understand-
ing of the differences between these
concepts.

Two different medical procedures
were described in the problem state-
ment that was adopted from another
multiple-choice question used by
Millar (1994). For the first procedure
(Case i) involving irradiation, a strong
beam of radiation is directed at a can-
cer patient’s tumor for several minutes.
For the second procedure (Case ii) in-
volving contamination, a small amount
of radioactive material is injected into
a patient’s bloodstream and a detector
is then used to track how much of the
injected radioactive material reaches
the patient’s lungs. Students were
asked if either or both of these medi-
cal procedures would cause the patient
to become radioactive. A summary of
responses to the medical irradiation
and contamination question is provided
in table 4.

Only 24 percent of the students
in the calculus-based physics course,
13 percent of the students in the alge-

bra-based physics course, and 13 per-
cent of the nonscience majors re-
sponded with correct reasoning that
only the second procedure (Case ii)
involving contamination would cause
the patient to become radioactive. We
found that for this context, involving
medical irradiation and contamina-
tion, some students used distinctly
different reasoning from that used in
the context of food irradiation. Some
students stated that the patient would
not become radioactive from the
medical procedure Case (i) because
the beam of radiation was focused at
only a small, localized place, namely
the tumor. In another case, students
stated that the patient would become
radioactive from the medical proce-

dure described for Case (ii) because
the radioactive material traveled
through the entire body. In both sce-
narios, the students focused on the
physical extent of the interaction be-
tween the patient and the absorbed
radiation or radioactive material,
which can yield the correct answer for
the wrong reason.

Another line of reasoning em-
ployed by students in the medical con-
text involved restricting the classifica-
tion of being radioactive only to those
objects composed of entirely radioac-
tive material. Since it is rare, if not im-
possible, to find a material composed
entirely of radioactive atoms, this re-
striction made by students is very
subtle.

Will the strawberry in Case B in figure 1 become a source of
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radiation?

Response Type Calculus-Physics Algebra-Physics Nonscience
(N=41) (N=76) (N=160)

Yes, the strawberry is a source 56% 51% 55%
of radiation

No, the strawberry is not a source 39% 46% 39%
of radiation

Other or No response 5% 3% 6%

○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○ ○

 Will the strawberry in Case B in figure 1 become radioactive?

Response Type Calculus-Physics Algebra-Physics Nonscience
(N=41) (N=76) (N=160)

Yes, the strawberry is radioactive 68% 57% 65%

No, the strawberry is not 27% 41% 29%
radioactive

Other or No response 5% 2% 6%
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Which of the three objects in Case A in figure 1 is radioactive?

Response Type Calculus-Physics Algebra-Physics Nonscience
(N=41) (N=76) (N=160)

Correct 44% 26% 15%
(Only the source is radioactive)

Incorrect 56% 74% 81%
(The radiation or the strawberry
are also radioactive)

Other 0% 0% 4%

Figure 1.

Table 2.

Table 3.
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A third line of reasoning focused
on the duration or effectiveness of the
interaction between the patient and the
radiation or radioactive material. For
students reasoning in this way, the out-
come of whether the patient becomes
radioactive or not depends on (1) how
long the radiation or radioactive mate-
rial was present or (2) how much the
patient was altered by the presence of
the absorbed radiation or radioactive
material.

Improving Understanding
Although students from different lev-
els of scientific backgrounds were sur-
veyed in this study, their responses were
quite similar. Our results suggest that
many students believe that an object
exposed to radiation will become a
source of radiation and/or become ra-
dioactive. Overall, most students were
unable to differentiate between the con-
cepts of radiation and radioactivity.
Furthermore, it is indeed possible for
students to provide the correct answer
to questions involving radiation and
contamination while employing faulty
reasoning.

We believe that to account for ra-
dioactive phenomenon, one must have
a fundamental understanding of how
the atom (or atomic nucleus) behaves
during the decay process. Either stu-
dents do not have a clear understand-
ing of the role of atomic nuclei in ra-

dioactive processes or they have a ba-
sic understanding but do not access this
knowledge when asked questions
about radioactivity. In subsequent
stages of this investigation we focused
on how students think about radioac-
tive phenomena in relation to the role
of the atom (Prather 2000). Results
from this investigation were used to

guide the development of instructional
strategies at the University of Maine,
including interactive lectures, hands-
on laboratory-based activities, and tu-
torial worksheets structured around a
directed-inquiry approach (Prather
2000).

Overall, students demonstrated a
significant improvement in their con-
ceptual and procedural knowledge
about ionizing radiation and radioac-
tivity after instruction using these re-
searched-based teaching materials. In
particular, we found that 90 percent
of the students from both the algebra-
based physics course and the

nonscience majors’ course were able
to reason correctly that an object
would not become radioactive after
being exposed to the radiation from a
radioactive object.  Furthermore, 68
percent of the students in the algebra-
based course and 84 percent of the
students in the nonscience majors’
course were able to distinguish cor-

Percentages of student responses to four questions concern-
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ing radioactive contamination during a medical procedure.

Response Type Calculus-Physics Algebra-Physics Nonscience
(N=17) (N=64) (N=40)

Correct answer with correct 24% 13% 13%
reasoning

Correct answer with incorrect 12% 11% 18%
reasoning

Incorrect 65% 71% 68%

Neither procedure results in 24% 44% 25%
the patient becoming radioactive

Only Case i results in 0% 8% 10%
the patient becoming radioactive

Case i and Case ii result in 41% 23% 33%
the patient becoming radioactive

Other 0% 2% 1%

rectly between the processes of irra-
diation and contamination when asked
to reason about physical situations
involving both processes.

We believe that a combination of
these instructional activities and inquiry
learning approaches can help reverse
the misconception among undergradu-
ates that has led half of college students
in introductory physics to state that an
object exposed to radiation becomes
radioactive.
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Calculus-Based Physics Students
Student #1
• Strawberry question A: ➀  in case A

is radioactive because it is sending
the radiation waves➁ and the straw-
berry is being exposed to them.

• Strawberry question B: The straw-
berry in Case B is a source of ra-
diation because the radiation waves
have upset its nuclear stability.

• Strawberry question C: Yes, since
it absorbed radiation waves it’s
nuclear unstable. It will now give
off its own radiation waves.

Student #2
• Strawberry question A: ➀  because

it is the mass losing alpha, beta, and
gamma particles. ➂ because it has
been subjected to the radioactive
particles and contains them, and still
emits them for a while.

• Strawberry question B: Yes, the ra-
dioactive particles have been ab-
sorbed into the strawberry and it
emits those particles over time.

• Strawberry question C: Yes, because
it emits the absorbed particles.

Algebra-Based Physics Students
Student #3
• Strawberry question A: ➀  because

the radiation is emanating from this
source. ➂ because some of the ra-
diation was transferred to the straw-
berry.

• Strawberry question B: Yes, since
some of the radioactive waves were
taken up by the strawberry it is now
a source of radioactivity itself and
can emit radioactive waves.

• Strawberry question C: Yes, radio-
activity was transferred from ➀  to
the strawberry and the strawberry
remains radioactive after ➀  is re-
moved.

Student #4
• Strawberry question A: ➀  and ➁ are

radioactive. The source is emitting
radioactive particles, and the par-
ticles travel to ➂.

• Strawberry question B: No, the ra-
dioactive particles do not stay in the
object

• Strawberry question C: No, radiation
was absorbed or passed through it.
It does not have radioactive poten-
tial

Nonscience Majors
Student #5
• Strawberry question A: ➀ , ➁, and ➂. ➀

is the radioactive source so of course
it is radioactive. ➁ is the radiation
given off by the source. As it hasn’t
interacted with anything yet it too is
radioactive. I don’t think that ➂ is as
radioactive as ➀ , but it has absorbed
some of its radioactivity.

• Strawberry question B: For a short
time, depending on how much radia-
tion it was exposed to, the strawberry
will give off the radiation that it ab-
sorbed. The radiation it absorbed will
radiate until it is gone.

• Strawberry question C: Yes, it must
be if it is giving off radiation. But it
will only be radioactive for a limited
time.

Student #6
• Strawberry question A: All three. ➀

is giving off radiation. ➁ are the ra-
dioactive particles. ➂ is being struck
with by radioactive particles.

• Strawberry question B: No, it has no
means of giving off radioactive par-
ticles

• Strawberry question C: Yes, although
it is not a source it contains radioac-
tive particles

Examples of Student Responses
to Question on Radioactivity
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